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FOREWORD 


Thi •  report  eovara  tha  Phaaa  II  teaks  of  a  program  to  develop  high  tem- 
paratura  digital  alaetronlc  eootrola  for  advancad  aircraft  gaa  turbina  uaaga. 

Tha  program  vaa  conducted  by  tha  Aircraft  Engine  Buainaaa  Group  of  tha  General 
Electric  Company  for  tha  Naval  Research  Laboratory  under  Naval  Air  8yatama 
Command  aponaorahip. 

Tha  work  reported  herein  vaa  performed  during  tha  period  from  Hay  1980 
through  September  1983.  Tha  Navy  Scientific  Of fleer  for  a  major  aegmant  of 
thia  period  vaa  Dr.  A.  Chrlatou,  NHL  Coda  8815.  Tha  General  Electric 
Program  Manager  vaa  Mr.  Maaon  D.  Marvin:  tha  eemiconductor  development  work  at 
tha  Electronica  Laboratory  in  Syracuse,  Nav  York  vaa  performed  under  tha  direc¬ 
tion  of  Dr.  David  C.  Daning.  Mr.  Jamea  Hurtle  provided  overall  program  technical 
diraction  conaiatant  with  tha  naada  of  advancad  daaign  digital  aircraft  angina 
controla . 

Tha  vork  vaa  in  accordance  vith  Contract  Modificationa  P00005  through 
P00011  of  tha  High  Temperature  Electronica  Technology  Program,  Contract 
N00173-79-C-0010.  Thia  portion  of  tha  program  concentrated  on  barrier  metal- 
llaation  improvements.  In  addition,  tha  initial  life  taating  of  high  temper¬ 
ature  circuita  and  davflopment  of  improved  daaign  practicea  for  high  tempera¬ 
ture  integrated  injection  logif.  circuita  vara  accomplished. 
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SUMMARY 


8ilicon  band  Integrated  Injection  Logic  (I2L)  circuits  taatad  during 
this  program  phaaa  hava  aurvivad  a  lifa  test  for  ovar  5000  hours  at  360*  C 
without  degradation.  These  chips  uaad  aluminum  metallisation  with  low  currant 
densities  (balow  10,000  amp/cm  )  to  avoid  electromigration  failures.  The  need 
for  a  gold  baaed  matal  system  for  high  temperature  application  has  lad  to 
the  development  of  Ti-W  diffusion  barriers  which  have  withstood  temperatures 
of  360*  C  for  longer  than  3500  hours  without  change.  M8I  integrated  circuits 
with  a  Ti-W/Au  metallisation  system  have  withstood  stress  tests  of  over  2000 
hours  at  360*  C.  Gold  hillock  formation  has  been  shown  to  be  caused  by  the 
compressive  strains  induced  in  Che  gold  film  by  thermal  expansion  mismatches. 
The  driving  force  for  gold  hillock  formation  may  be  eliminated  by  depositing 
the  gold  film  at  elevated  temperatures.  Passivation  can  also  be  utilised  to 
inhibit  gold  hillock  formation.  Dual  level  metallisation  development  efforts 
have  been  initiated  utilising  ailicon  nitride  as  a  dielectric  end  passivation 
medium. 

Prograa  test  results  have  ehown  that  the  high  tempareture  life  of  an  X2L 
integrated  circuit  is  not  limited  by  degradation  of  the  silicon  itself,  but 
rether  by  the  degradation  of  the  metallisation  ayetam  or  by  the  interaction 
between  the  metallisation  and  the  silicon.  In  particular,  aluminum  metallisa¬ 
tion  is  limited  both  by  aleccromigration  and  by  its  interaction  with  silicon. 

A  gold  metallisation  system  with  a  metallurgical  barrier  was  chosen  for  this 
work  because  of  its  lower  susceptibility  to  electromigration. 

The  conventional  Tl-W/Au  system  was  found  to  be  inadequate  at  tempeie- 
tures  above  300*  C  for  two  basic  reasons)  the  conventional  Ti-W  system  wee 
not  an  effectiva  barrier  to  gold  penetration  at  these  temperatures,  and  rapid 
gold  hillock  formation  occurred  due  to  residual  strains  in  the  gold  film.  An 
adequate  barrier  wao  achieved  by  "stuffing"  the  Ti-W  layer  with  nitrogen  and 
the  gold  hillocks  were  suppressed  by  depositing  the  gold  at  elevated  temper¬ 
atures.  Since  the  "stuffing"  adversely  affected  the  adhesion  of  the  Ti-W  to 
both  the  gold  and  the  ailicon  oxide,  a  more  complex  layered  system  has  been 
evolved  to  solve  these  problems.  The  raoulta  of  life  tests  carried  out  to 
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i.O  INTRODUCTION 


1.1  POTENTIAL  APPLICATION  OP  HIGH  TEMPERATURE  ELECTRONICS  ON  AIRCRAFT 

fcWWW - 

Over  the  past  decade,  numerous  tachnology  improvements  hava  baan  mad a  In 
broad  areas  of  aircraft  turbine propul  a ion.  Thaat  improvements  involva  *ig- 
nificane  aaphaaia  on  both  turbina  angina  components  and  on  tha  aaaociatad  pro¬ 
pulsion  systems.  A  netabla  development  is  tha  introduction  of  tha  Variable 
Cycle  Engina  (VCE)  which  utilisaa  variabla  bypass  airflow  from  tha  fans  to  tha 
jat  noasla.  This  faatura  extends  tha  afficiant  flight  and  powar  domains  of 
tha  angina  but  raqulraa  a  significant  increase  in  tha  number  of  manipulated 
variables  and  regulating  functions  handled  by  the  control.  Further,  to  obtain 
tha  advantages  offarad  by  such  an  angina,  a  much  mors  complex  control  strategy 
must  be  used  to  govern  tha  manipulated  variables. 

As  a  consequence  of  tha  expanding  need  for  additional  control  funotions 
together  with  tha  timely  progress  in  mioroprooaasor-basad  digital  circuitry, 
there  is  now  considerable  activity  in  tha  development  of  computer-based  digi¬ 
tal  engina  controls.  In  fact,  these  technologies  have  reached  the  point  where 
"full  authority"  for  the  angina  control  and  for  operating  integrity  is  being 
handled  by  digital  electronics.  It  should  be  noted  that  this  contractor  has 
recently  completed  such  a  Full  Authority  Digital  Electronic  Control  (FADEC) 
development  for  the  Navy  undar  Contract  N00019-76-C-0423  (Raference  l). 

The  supersonic  aircraft,  especially  the  modern  military  fightar,  intro¬ 
duces  cooling  limitations  associated  with  the  fact  that  both  aircraft/nacalle 
surfaces  and  ram  air  reach  elevated  temperatures  which  render  ineffective  any 
attempts  to  directly  cool  electronic  packages  to  levels  suitable  for  125*  C 
semiconductor  operation.  Current  practice  is  to  use  engina  fuel  as  the  cool¬ 
ing/heat  sink  medium.  This  requires  pumping,  fuel  interfacing,  and  electronics 
packaging  having  Integral  fuel-fed  cooling  tubes  which  increase  cost,  limit 
reliability,  and  add  to  the  system  weight. 

Now  there  is  some  recent  evidence  that  certain  modern  fighter  configura¬ 
tions  can  experience  engine  intake  fuel  temperatures  in  excess -of  the  100*  C 
usually  specified.  In  such  situations,  fuel  must  be  routed  directly  from  the 
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fuel  tank  to  the  control  prior  to  the  aircraft  Environmental  Control  Syetera  and 
luba  oil  haat  exchanger*,  both  of  which  contribute  to  fuel  temperature  riaa. 
Thia  "control  firet"  routing  introduce*  conaiderable  additional  fuel  line 
length  with  an  aaaociated  vulnerability  and  weight  incraaaa. 

Today'a  electronic  control*  era  baaed  on  exiating  military-type  aemicon- 
ductora  which  are  rated  for  123'*  C  operation.  Without  fuel  cooling,  on  the 
other  hand,  engine- located  electronic*  in  auperaonic  aircraft  will  face  oper¬ 
ating  temperature*  between  -33*  and  +300*  C.  Thu*  the  development  of  appro¬ 
priate  300*  C  aemiconduetor  device*  and  aaaociated  circuit  element*  will  make 
it  poaaible  to  utiliae  engine  bleed  air  or  nacelle  air  aa  the  cooling  medium, 
thua  eliminating  the  liquid-fuel  cooling  ayatem. 

The  reduction  to  practice  of  300*  C  on-angina  electronic*  will  make  poa- 
aibla  direct  conduction  of  internal  haat  to  the  aurfac*  of  the  electronic 
on-engine  control  and  direct  haat  tranafer  to  tha  angina  fan  diacharge  air¬ 
flow.  Reduced  procurement  coata,  ayatem  weight  reduction*,  and  aimplified 
control  interfaca*  leading  to  higher  reliability  can  be  obtained  through  the 
elimination  of  fuel  cooling  within  tha  control. 

Tha  queation  ia  occaaionally  raiaed  aa  to  the  faaaibility  of  removing  the 
digital  electronic  oontrol  from  the  engine  and  remotely  locating  it  in  the 
more  benign  environment  of  the  aircraft  electronic  bay.  Thia  action  would 
reault  in  a  net  dacreaae  in  overall  propulaion  ayatem  reliability,  hecauae 
what  ia  gained  in  electronic  reliability  (realiaable  only  if  on-engine  con¬ 
trol  electronic  conatruction  quality  were  maintained  in  the  off-engine  loca¬ 
tion)  ia  laaa  than  what  i*  loat  in  incraaaad  vulnerability  of  the  overall  pro¬ 
pulaion  control  ayatem.  The  increaaed  vulnerability  reault*  from  (1)  riak  of 
loaa  of  continuity  between  control  and  engine  and  (2)  riak  that  a  aingle  avent 
could  affect  multiple  engine  control*. 

Mounting  the  engine  control*  on  each  engine  aaaurea  that  a  aingle  failure 
or  common  event  affecting  only  one  of  the  engine  control*  will  not  propagate 
to  tha  other  engine*  a*  would  be  the  caae  if  the  engine  control  computation! 
were  performed  in  a  aingle  aircraft  computer  or  in  aircraft  computer*  mounted 
in  proximity  within  the  electronic*  bay. 
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Distributed  computers  for  computstion  and  control  offer  en  additional 
advantage  in  that  data  may  ba  consolidated  and  utilised  locally  with  only  that 
data  needed  for  the  next  higher  echelon  level  being  transmitted  beyond  the 
immediate  confines  of  the  engine.  The  weight  and  complexity  of  the  transmis¬ 
sion  paths  are  less  and  their  vulnerabilities  and  failure  consequences  are 
reduced.  Mounting  the  engine  control  on  the  engine  assures  the  shortest, 
least  vulnerable  paths  for  critical  engine-level  control  logio. 

The  on-engine  control  provides  a  degree  of  protection  from  momentary 
interruptions  of  command  data  from  the  pilot  and  aircraft  by  continuing  unin¬ 
terrupted  engine  operation  using  the  most  recent  good  thrust  command  until 
faults  are  cleared  or  redundant  paths  energised. 

The  on-engina  control  establishes  a  complete  powarplant  assembly.  This 
completeness  assures  system  accountability  which  is  an  advantage  to  the  air¬ 
craft  manufacturer  end  the  operating  sarvica  from  both  a  contractual  and  main¬ 
tenance  viewpoint  since  the  engine  cannot  be  operated  or  tested  without  its 
control. 

All  of  these  edventegea  and  needs  for  on-engine  control  require  design 
diligence  in  meeting  the  environmental  requirements  of  on-engine  vibration 
and  temperature.  Integrated  efforts  which  couple  the  high  temperature  devel¬ 
opment  of  advanoed  control  electronics  with  advanced  engine  technology  are 
being  pursued  by  General  Electric's  Aircraft  Engine  Business  Group  with  support 
from  Government- sponsoring  agencies.  The  program  reported  herein  addresses  the 
high  temperature  electronics  developments  which  will  make  possible  utilisation 
of  engine-supplied  cooling  air  as  a  superior  approach  for  supersonic  flight. 

1.2  OVERVIEW  OF  HIGH  TEMPERATURE  ELECTRONICS  DEVELOPMENT  PROGRAM 

The  Naval  Research  Laboratory  initiated  this  program  in  December  1978. 

The  first  phase,  completed  in  March  1980,  provided  an  evaluation  of  existing 
high  temperature  capabilities  found  in  conventional  electronic  parts.  An 
important  part  of  this  task  was  a  literature  search.  Experimental  measure¬ 
ments  were  also  made  on  those  control  circuit  devices  for  which  the  literature 
lacked  300*  C  operating  data,  Observed  device  degradation  was  catagorised. 

The  data  from  Phase  I,  in  conjunction  with  FADEC  requirements,  led  to  the 


••lection  of  Integrated  Injection  Logic  (l^L)  end  Complementary  Metel  Oxide 
Semiconductor  (CMOS)  at  the  technologic*  for  high  temperature  large  acele  inte¬ 
gration  (LSI)  engine  control  development.  An  interim  report  (Reference  2) 
dated  March  19S0  document*  the  results  of  this  initial  phaaa. 

Phase  II  of  the  program  involves  developing  basic  integrated  circuit  (IC) 
technology  to  achieve  10,000  hours  mean  time  between  failures  (MTBF)  at  300*  C. 
The  Phase  II  activities  as  reported  herein  have  concentrated  on  developing  a 
refractory  metallisation  system.  Dual  layar  development,  design  rule  opti¬ 
misation,  and  fabrication  processing  development  have  also  been  pursued. 

Phase  III  is  planned  to  utilise  ths  basic  high  temperature  technology 
developed  in  Phase  II  for  the  design  and  fabrication  of  large  scale  integra¬ 
tion  davicas  (over  1000  gates  per  chip)  whleh  have  300*  C  capability  and  which 
incorporate  FADEC  circuitry.  Fabrication  and  high  temparature  evaluation  will 
be  involved. 

Three  activities  are  planned  in  Phase  IV:  the  development  of  (1)  passive 
parts,  (2)  interoonnection/bonding/matallurgy,  and  (3)  packaging  techniques. 
Passive  parts  will  be  upgraded  as  necessary  and  tastsd.  The  interconnaotion 
system  development  will  be  based  on  extending  Kovar  TAB  techniques  to  enhance 
thermal  cyclic  Ufa.  Candidate  bonding  techniques  for  refractory  metallisation 
systems  will  be  investigated  to  establish  one  or  mors  processes  suitable  for 
300*  C.  General  Electric  has  a  unique  hybrid  microelectronic  package  under 
development  for  on-engine-mounted  controls  having  fuel  cooling.  This  is 
based  on  multilayer  refractory  metal  ceramic  substrata  techniques,  a  technol¬ 
ogy  which  will  serve  as  a  starting  point  for  moving  up  to  a  300*  C  capability. 

Phase  V  involves  the  application  and  circuit  demonstration  of  the  high 
temperature  electronics  capability  developed  in  the  earlier  tasks.  Using  the 
circuitry  from  the  Navy's  Full  Authority  Digital  Electronic  Control  Program, 
an  actual  control  subsystem  will  be  prototyped  and  operated  over  the  -53*  to 
+300*  C  temperature  range. 

In  Phase  VI,  the  balance  of  a  complete  electronic  engine  control  will  be 
developed.  In  addition  to  the  electronic  circuitry,  this  will  include  such 
control-located  parts  as  pressure  sensors,  filters,  and  connectors.  The 
resulting  control  will  be  demonstrated  in  the  laboratory,  both  open  and  closed 
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loop,  using  s  computerised  sngins  simulation.  Lstsr,  s  systsm'a  test  will  be 
run  in  which  the  control  operates  sensor  and  actuator  hardware,  again  with  a 
simulated  engine. 

1.3  THB  PERFORMANCE  OF  INTEGRATED  INJECTION  LOGIC  AT  HIGH  TEMPERATURE 

The  contract  effort  for  this  pheee  concentrated  on  barrier  metallisation 
development.  As  a  result,  a  report  of  this  work  does  not  Include  Information 
on  the  operating  performance  of  I2L  at  high  temperatures.  The  initial  work 
documenting  the  intrinsic  high  temperature  properties  of  integrated  injection 
logic  was  performed  In  1979  under  an  1K6D  program  sponsored  by  the  Aircraft 
Engine  Buslnesa  Group.  The  relevant  aaetlon  of  that  XRAD  report  has  been  in¬ 
cluded  herewith  as  Appendix  A  to  supply  background  information.  Devices 
similar  to  those  discussed  In  this  appendix  were  used  as  life  test  vehicles 
in  this  program. 

It  should  be  noted  that  Section  3.0  of  this  contract  final  report  dis¬ 
cusses  a  computer  medellng  study  for  improving  the  high  temperature  properties 
of  this  older  style  of  double  diffused  bipolar  X2L  process.  Analysis  of  the 
newer  generations  of  ion  implanted  bipolar  proceeeas  have  shown  that  thay  are 
capable  of  producing  X2L  with  a  faster  switching  speed  and  operating  at  even 
higher  temperatures  than  those  dlacusaed  in  Appendix  A. 


2.0  METALLI2ATION  TEST  MASK  DESCRIPTIONS 


Two  maak  sets  wara  amployad  during  tha  couraa  of  this  program.  Tha  7-471 
matallication  davalopmant  aaaka  wara  uaad  Co  fabricata  praliminary  lifa  taat 
aaaplaa  and  metallisation  aamplaa.  Tha  E115  maak  aat  waa  daaignad  during  thia 
pariod  of  tha  program  to  aarva  aa  a  procaaa  davalopmant  aid  and  to  aupply  lifa 
taat  cireuita  with  an  MSI  laval  of  complexity.  Thia  report  aaction  daacribaa 
tha  faaturaa  of  tha  two  maak  aata. 

2.1  7-471  METALLIZATION  DEVELOPMENT  MASK 

Zn  tha  pravioua  phaaa  of  thia  program,  a  cuetom  Integrated  Injection 
Logic  (I2L)  metallisation  taat  maak  sat  waa  designed.  Tha  raaulting  7-471 
test  mask  includes  a  number  of  different  test  elements  which  are  aimed  at 
determining  censtrainta  on  ohmic  contact  aiaa,  metal  width,  and  spacing,  as 
wall  aa  generating  a  test  alamant  which  includes  symmetrical  call  integrated 
injection  logic  gatas  and  ring  oscillators.  A  description  of  this  mask  pat¬ 
tern  is  repeated  for  continuity  and  background  since  much  of  the  work  in  this 
phase  was  based  on  experiments  with  chips  fabricated  uaing  thia  pattern. 

Tha  test  elements  were  designed  in  a  manner  which  allows  (1)  ohmic  contact 
raaiatance  to  be  accurately  measured  from  external  package  leads,  (2)  seriaa 
raaistance  to  be  accurately  measured  while  arbitrary  current  levels  are  passed 
through  a  metal  thin-film  conductor  element,  (3)  arbitrary  voltage  levels  to  be 
applied  between  adjacent  metallisation  runs  for  dielectric  evaluation  using 
external  package  leads,  (4)  integrated  injection  logic  gate  digital  gain  to  be 
measured  from  external  package  leads,  as  a  function  of  temperature,  and 
(3)  integrated  injection  logic  propagation  delay  to  be  externally  measured 
using  seven-stage  ring  oscillators.  The  mask  consists  of  a  repetition  of  the 
190  x  186  mil  master  cell  shown  in  Figure  2-1.  The  master  cell  is  divided  by 
scribe  lanes  into  four  separable  chip  types.  Each  chip,  therefore,  has  an 
area  of  93  x  93  mils.  Within  each  chip  there  are  two  different  test  element 
calls.  Cells  Al,  A2,  A3,  A4,  Bl,  B2,  and  B3  are  metallisation  test  elements. 
The  final  cell  is  an  integrated  injection  logic  active  test  circuit. 
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B 3/1*1.  CHIP 

B3 

Taat 

llamani 

Coll 

I'L 

Circuit 

Figuro  2-1.  Matter  Call  Block  Diagram  of  tha  7-471  Matallizatlon 
Maak. 
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The  metallization  teat  cells  were  designed  to  investigate  the  electromi- 
gration  affect  of  the  thin  metal  layer  ee  a  function  of  the  metal  line  width 
and  metal  line  spacing  at  elevated  temperature.  The  electromigration  effect 
could  eventually  eause  metal  line  voiding  and  raeultlng  open-circuit  and  short- 
circuit  situations  between  separated  metal  lines.  The  metal  test  elements 
were  designed  with  e  four-point  probe  capability  to  enable  precise  measurements 
to  be  made  to  detect  effects  of  electromigration  long  before  cetastropic  fail¬ 
ure. 

Figure  2-2  shows  e  plot  of  the  metal  test  element  Cell  Al,  which  is  also 
representative  of  A2,  A3,  A4,  Bl,  B2,  and  B3.  Like  ell  the  test  elements,  Al 
has  24'  input/output  pads.  Pads  1,  2,  3,  4,  13,  14,  15,  and  16  are  used  for 
ohmic  contact  evaluation.  Pads  3,  8,  21,  and  24  constitute  a  four-point  probe 
for  the  precise  measurement  of  a  metal  conductor  which  is  0.25  mil  in  width. 
Pads  6  and  7  contact  both  ends  of  e  second  0.25  mil  wide  metal  conductor, 
which  is  spaced  0.25  mil  away  from  the  original  central  metal  conductor.  Pads 
22  and  23  contact  both  ends  of  a  third  0.25  mil  metal  conductor,  which  is  also 
spaced  0.25  mil  from  the  original  central  conductor.  Pads  9,  10,  11,  12,  17, 
18,  19,  and  20  perform  a  second  experiment,  where  the  conductor  width  end  spac¬ 
ing  ere  both  0.3  mil  (instead  of  the  0.25  previously  discussed). 

To  cover  the  range  of  the  current  integrated  injection  logic  fabrication 
process,  four  different  widths  of  metal  stripes  were  chosen:  0.2,  0.25,  0.3, 
and  0.4  mil.  The  metal  stripe  spacing  was  matched  to  the  metal  stripe  width 
in  each  test  element. 

The  metallization  test  elements  also  investigate  the  effect  of  contact 
hole  size  on  the  ohmic  contact  resistance  for  each  type  of  doped  region.  On 
each  metallisation  test  cell  (from  Al  to  B3),  the  top  and  bottom  four  pads 
were  ueed  for  ohmic  contact  studies. 

For  the  electromigration  studies,  each  test  cell  contains  two  electro- 
migration  test  vehicles  containing  three  parallel  metal  stripes  which  are 
greater  then  10  mils  in  length. 

The  stress  pull  test  on  wire  bonding  can  be  dona  on  the  enlarged  metal 
pad  of  8  x  8  mil  size  near  the  center  of  the  test  chip  (numbered  25). 
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Note:  Thie  Metal  Pattern  la  Typical  of  the  Seven  Metallization 
Patters  on  the  7-471  Mask. 


Ohmic  Contact 

Test  Pads 


(Four  Pads) 


Upper 

Electrooigratlon 
Teat  Vehicla 


(Eight  Pads) 


Lower 

Elec trooigra t ion 
Teat  Vehicle 
(Eight  Pads) 


Ohmic  Contact 

Test  Pads 

(Four  Pads) 


Figure  2-2.  Metallization  Test  Element,  Cell  Al . 


Steps  in  the  surface  contour  of  a  monolithic  circuit  are  known  to  degrade 
the  useful  resolution  capability  of  any  givan  metallisation  aystam  aa  wall  aa 
incraaaa  electrouigration  affacta.  To  reveal  poaaibla  problama,  varioua  com- 
binationa  of  thaaa  atapa  wara  intentionally  designed  into  the  metal  teat  ele¬ 
ments.  Thus  seven  test  element  calls  are  devoted  to  the  evaluation  of  conduc¬ 
tor  line  width,  spacing,  and  ohmic  contact  resistance.  Table  2-1  indicates 
the  line  width,  the  line  spacing,  and  the  type  of  contact  being  teated  in  each 
of  the  metallisation  test  cells. 


Table  2-1.  Metal  Teat  Cell  Features. 


Cell 

Designation 

Oxide  Feature 
Under  Four  Probe 
Elec tromigrat ion 
:  Line  ' 

Contact  Opening, 
Line  Width,  and 
Line  Spacing, 
mils 

Contact 

Test 

Al 

P 

0.23 

P 

i 

P 

0.3 

P 

A2 

n 

0.25 

n 

n 

0.3 

n 

A3 

pn 

0.25 

np 

- 

0.23 

Schottky 

A4 

pn 

0.3 

np 

* 

0.3 

Schottky 

B1 

pn 

0.4 

np 

0.4 

Schottky 

B2 

P 

0.4 

P 

n 

0.4 

n 

B3 

n 

0.2 

np 

— 

0.2 

P 

Figures  2-3  through  2-6  show  the  four  chip  types.  Figure  2-3  is  a  photo¬ 
graph  of  a  chip  which  includes  both  Al  and  A2  test  devices.  Figure  2-4  is  a 
photograph  of  the  A3  and  A4  chip  and  Figure  2-3  is  a  photograph  of  the  B1  and 
B2  chip.  Figure  2-6  is  a  photograph  of  the  B3  metal  test  configuration  along 
with  an  integrated  injection  logic  test  cell.  This  test  cell  is  aimed  at  eval¬ 
uating  integrated  injection  logic  active  circuits  with  the  barrier  metallisation 
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Figure  2-3.  Photograph  of  A1/A2  Chip. 


Figura  2-5.  Photograph  of  B1/B2  Chip. 


Figure  2-6.  Photograph  of  B3/I^L  Chip. 
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system.  Tha  integrated  injection  logic  circuit  taae  call  conaiata  of  eha 
following  component a i 

1.  A  rectangular  aymaatrical  gata  call  and  a  alantad  symmetrical  gata 
call,  aach  call  containing  a  dual  output  logic  gata  and  a  quad  out¬ 
put  logic  gata  as  ahown  in  Figure  2-7. 

2.  Sevan-* tag#  ring  oscillators  uaing  tha  earns  baalc  gataa  daacribad 
'  above.  ' 

3.  A  seven-stage  ring  oscillator  with  reduced  geometry  gataa. 

2.2  El 13  DOAL  LEVEL  METALLlt AXIOM  DEVELOPMENT  MASK 

A  teat  mask  needed  for  tha  development  of  the  dual  level  metalliaation 
ayatem  was  designed  uaing  the  Calms  layout  equipment .  The  maak  aet  design 
objectives  were  the  following! 

e  Provide  a  teat  vehicle  for  the  proceaaing  development  of  a  duel 
level  metalliaation  ayatem. 

a  Provide  potential  yield  information  for  the  dual  layer  metalliaa¬ 
tion  ayatem  in  conjunction  with  a  General  Electric  atandard  I2l 
bipolar  proeeaa. 

e  Provide  a  life  teat  vehicle  for  componenta  with  N8X  level  gate 
complexity  aa  a  maana  of  evaluating  the  varioua  elemanta  uaad  in 
a  larger  chip  deaign. 

e  Provide  the  ability  to  monitor  electrical  properties  of  the  die- 
fumed  aemiconduetor  reglona  and  the  metal  ayatem  before  and  after 
high  temperature  life  teata. 

a 

The  overall  maetar  call  produced  from  the  maak  aet  meaauree  7832  microna 
(309  mila)  by  3478  microna  (216  mila)  from  the  lnaide  of  the  acriba  linea. 

The  maater  cell  la  divided  into  alx  aectora  aa  ahown  in  Figure  2-8.  Bach 
aector  la  2484  microna  (97.8  mila)  by  2639  microna  (103.9  mila). 

Sector  1  ia  uaed  to  evaluata  realatance  paramatara.  Sectora  2  through  6 
are  devoted  to  metallisation  experimenta.  The  metallisation  axparimenta  employ 
a  standardised  pad  placement  ao  that  a  a  ingle  probe  card  can  be  uaed  for  tast¬ 
ing.  Each  of  the  metallisation  aactions  may  be  packaged  in  a  atandard  24  pin 
dual  in-line  package  for  individual  testing.  Various  metal  deaign  rules  are 
being  evaluated  through  the  uaa  of  this  maak  including  both  a  conservative  and 
an  aggressive  approach. 
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Sector  1  I  Sector 
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Figure  2-8.  ELI 5  Metallization  Development  Test  Mask. 


The  first  (actor  (Figure,  2-9)  provides  a  naan*  of  monitoring  many  of  the 
processing  variable i  that  could  be  of  intaraat  in  developing  tha  matallitation 
ayatam  and  improving  tha  high  tamparatura  performance  of  tha  intagratad  cir¬ 
cuits.  Zn  general,  tha  structures  in  this  aactor  can  ba  uaad  to  monitor  tha 
ahaat  raaistanca  of  tha  various. diffusions,  rasistors,  and  matal  layars.  Zn 
addition,  tha  contact  resistance  between  tha  matal  layars  and  tha  various  ele- 
mants  which  they  normally  touch  may  also  bo  oonitorad.  A  listing  of  these 
structures  is  given  in  Table  2-2. 

Tabla  2-2.  Taat  Elements  Located  in  Sector  1  of  E115  Mask  Sat. 


Location 
Call  Out 

Structure 

Description 

Measurement 

Purpose 

A1 

Greek  Cross 

Shallow  n+  Sheet  Resistance 

A2 

Van  dar  Paul 

Shallow  n+  Sheet  Resistance 

A3 

Greek  Cross 

Base  Sheet  Raaistanca 

AA 

Van  dar  Paul 

Base  Sheet  Raaistanca 

AS 

Greek  Cross 

Ovarsisad  Bass  Implant  Resistance 

B1 

Van  der  Paul 

Oversieed  Base  Implant  Resistance 

B2 

Greek  Croes 

Epi  Layer  Sheet  Resistance 

B3 

Van  der  Paul 

Bottom  Matal  Sheet  Raaistanca 

BA 

Van  der  Paul 

Top  Matal  Sheet  Resistance 

B3 

Greek  Cross 

Pinch-off  Base  Sheet  Resistance 

Cl 

Greek  Cross 

Bottom  Matal  Shaat  Resistance 

C2 

Greek  Croaa 

Top  Matal  Sheet  Resistance 

C3 

Greek  Cross 

Top  and  Bottom  Metal  Resistance 

C4 

Greek  Cross 

Top  to  Bottom  Matal  Contact  Resistance 

C5 

Greek  Croaa 

Thin  Film  Resistance 

D1 

Greek  Cross 

Bottom  Matal  to  Shallow  n+  Contact  Raaiatanca 

D2 

Oraak  Cross 

Bottom  Matal  to  Base  Contact  Rasistar.ee 

D3 

Greek  Cross 

Bottom  Matal  to  Implanted  Baas  Contact  Resistance 

D4 

Greek  Cross 

Bottom  Matal  to  Epi  Layer  Contact  Resistance 

D5 

Greek  Cross 

Top  Metal  to  Epi  Layer  Contact  Resistance 

2.2.2  Sector  2  Daacrlbtlon 

Thia  ia  one  of  fcha  aaetora  which  will  ba  heavily  utilisad  in  the  dava lop- 
man  t  of  tha  dual  oatalliaation  ayatam.  Thia  particular  aaccor  (Figure  2-10) 
eoucentratea  on  tha  atap  covavaga  ability  of  tha  two  matal  lavala.  Tha  aig- 
nificant  feature*' of  aach  aactor  etructure  are  deaeribed  aa  followes 

a  (Al)  Bottom  Matal  Continuity  Teat 

A  bottom  matal  aarpentlna  rune  acroee  dlffuaion  atripaa.  Tha  dif- 
fuaion  atripaa  ara  formed  by  interlacing  ahal.low.  n+  atop  tha  deep 
n+  dlffuaiona  and  baaa  atop  tha  daap  p+  diffuaiona.  Bach  dlffuaion 
atripa  ia  10  ua  wida  with  a  10  urn  apaoing.  Tha  aarpantlna  ia  9  urn 
wide  with  a  9  um  apaoing.  Contact  tapa  ara  brought  out  at  1,300, 
3,900,  9,100,  22,100,  and  62,400  um. 

a  (Bl)  Top  Matal  Continuity  Taat 

Sana  arrangement  aa  bottom  matal  (above)  but  material  it  top  matal 
inataad  of  bottom  matal. 

a  (A2)  Capacitor  Taat 

A  oapaeltor  la  formed  from  three  oonduotion  layara  (top  matal  - 
inaulator  -  bottom  matal  -  oxide  -  ahallow  n+).  Tha  aiaa  ia 
250  x  230  um.  Thia  will  allow  an  evaluation  of  pinhole  dafaeta 
in  tha  dielectric  layara  and  a  large  enough  region  for  an  Auger 
profile  of  tha  dual  matal  ayatam  if  needed. 

a  (B2)  Matal-to-Matal  Bridta  Teat 

A  top  matal  aarpantlna  runa  over  a  bottom  matal  aarpantlna  with 
diagonal  dlffuaion  atripaa  undarnaath.  Thia  ia  a  combined  taat 
for  matal-to-matal  ahorta  and  open  matal  linaa. 
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Figura  2-10.  Sactor  2  of  tha  E115  Taac  Meek  Addreaaea 
Stap  Coverage  Evaluation. 


2.2.3  Sector  3  Description 

Thi»  group  of  test  elements  (shown  in  Figure  2-11)  will  be  used  to  evalu¬ 
ate  contacts  between  the  metal  layers  and  contacts  to  various  active  and  pas¬ 
sive  devices.  In  addition,  metal  patterning  ability  will  be  evaluated  using 
the  interdlgitated  fingers.  The  6  um  apt  bipolar  process  design  rules  are  used. 
The  sector  structures  era  described  as  follows: 

a  (Al)  Metal/Thln  Film  Resistor  Continuity  Chain 

Evaluates  contact  integrity  and  potential  yield  between  bottom  metal 
and  thin  film  resistors.  Thin  film  resistors  are  9  um  wide.  The 
bottom  metal  overlap  of  the  thin  film  resistor  is  9  x  11  um.  The 
chain  is  tapped  out  after  38,  76,  132,  304,  and  1026  contacts. 

•  (Bl)  Metal/Base  Contact  Continuity  Chain 

Evaluates  contact  integrity  and  potential  yield  for  a  series  of 
contacts  between  base  material  (ion  implant  optional)  and  bottom 
level  metal.  All  contact  openings  are  8  x  8  um  with  a  metal  over¬ 
lap  of  2  um  (6  um  design  rules).  The  chain  is  tapped  out  after 
30,  60,  120,  240,  and  1020  contacts. 

•  (A2)  Top  Metal  Interdlgitated  Lines 

Evaluates  patterning  capability  for  a  series  of  parallel  lines  and 
the  occurrence  of  shorts  between  adjacent  runs.  The  fingers  are  9 
um  wide  with  a  spacing  of  9  um.  Each  finger  is  873  um  long. 

e  (B2)  Bottom  Metal  Interdlgitated  Lines 

Fingers  are  9  um  wide;  spacing  is  9  um;  length  is  873  um.  (Same  as 
for  top  level  metal.) 

e  (A3)  Metal/Metal  Contact  Continuity  Chain 

Provides  a  via  integrity  test  between  top  metal  and  bottom  metal. 

Each  via  is  8  x  8  um  with  a  2  um  cop  metal  overlap.  The  chain  has 
taps  brought  out  after  34,  66,  136,  272,  and  1030  contacts. 

e  (B3)  Metal/ Shallow  n+  Contact  Continuity  Chain 

Provides  a  chain  of  contacts  between  bottom  metal  and  the  shallow 
n+  diffusion  layer.  Each  contact  opening  is  8  x  8  um  with  2  um  of 
metal  overlapping  the  contact  opening.  The  chain  has  taps  brought 
out  after  36,  72,  144,  288,  and  1008  contacts. 
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Figure  2-11.  Sector  3  of  the  E115  Test  Mask  Addresses 

Evaluation  of  Inter-Layer  Vias  and  Contacts 
to  Various  Active  and  Passive  Devices. 
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2.2.4  Sector  4  Description 

This  sector  contain*  the  t**t  elements  (Figure  2-12)  that  will  ba  employed 

in  tha  MSI  complaxity  high  temperature  lift  taat  demonstration.  Nominal  daaign 

2 

rules  for  tha  6  um  epi  bipolar  procaac  ara  used.  Also,  a  single  I  L  gat*  has 
connection*  brought  out  for  processing  evaluation,  and  metallisation  atruc- 
turns  ara  included,  for  high;  temperature  avaluatlon  during  tha  damoristration. 

Tha  sactor  structures  ara  described  as  follows: 

a  (A1  to  AA)  MSI  Complexity  High  TemparaturCi  Demonstration 

This  consists  of  an  .integrated  seven-stag*  ring  oacillator  and  four- 
bit  binary  countar.  A  clock  is  generated  by  a  seven-stage  I*L  ring 
oacillator.  Tha  clock  frequency  1*  counted  down  by  a  factor  of  16 
through  four  toggle  flip  flops.  Tha  resulting  signal  pulses  are 
buf farad  and  brought  out  to  a  pad  for  monitoring. 

a"  (Bl)  Bottom  Metal  Continuity  Teat 

The  serpentina  la  constructed  of  a  natal  run  9  um  wide,  with  a  9  um 
spacing.  Tha  total  length  ia  34  nm  with  alternating  bas*  on  p-iso 
and  anittar  on  n+  a  inker  diffusion  steps  undarnaath. 


a  (Cl)  Matal/Matal  Contact  Continuity  Chain 

Via  integrity  test  between  top  and  bottom  metal.  Kach  via  is  8  x 
8  um  with  2  um  top  metal  overlap  and  a  4  um  bottom  natal  overlap. 
Tha  serpentina  is  tapped  out  after  60,  120,  240,  and  660  viaa. 


Figure  2-12.  Sector  4  of  the  E115  Test  Meek  Provider 
MSI  Specimens  for  Life  Testing. 
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2.2.5  8actot  5  Daacription 

Thia  group  (Figura  2-13)  avaluataa  torn*  of  tha  raora  conaarvativa  and  aoma 
of  tha  mora  aggraaalva  daiign  rulaa.  Tha  aactor  atructuraa  are  daacribad  at 
follow* ! 

a  .  (Al)  Matal/Matal  Contact  Continuity  Chain 

Via  integrity  teat  with  eonaarvativa  metal  overlap  rulaa.  Via  open¬ 
ing*  are  I  x  8  p  with  a  5  urn  top  metal  ovarlap  and  i  (  ut  bottom 
natal  ovarlap.  Tha  aarpantina  la  tappad  out  after  36,  72,  288,  468, 

;  9?2  .V.igaV:.'\  :V:'  : ' 

a  CA2)  Matal/Matal  Contact  Continuity  Chain 

Via:  integrity  teait  with  aggraaaiva  daaign  rulaa.  Via  opaninga  ara 
3  x  4  urn  with  a,  3  urn  top  matal  ovarlap  and  a  6  um  bottom  matal  ovar¬ 
lap. '.Tha  aarpantina  ia  tappad  out  aftar  40,  80,  320,  320,  and  1000 
viaa.  .  '  '  ' 

a  (Bl)  Thin  Film  Raaiator/Matal  Continuity  Chain 

Contact  intagrity  taat  batwaan  thin  film  raaiator  and  bottom  matal 
with  aggraaaiva  daaign  rulaa.  Tha  thin  film  raaiator  material  ia 
6  um  wida.  Tha  ovarlap  araa  batwaan  bottom  matal  and  thin  film 
raaiator  ia.  10  x  6  um.  Tha  aarpantina  i a  tappad  out  aftar  40,  80, 
320,  400,  and  1000  contacta. 

a  (B2)  Top  Matal  Intardlgltatad  Llnaa  (not  viaibla  on  ft aura) 

Intardigitatad  fingara  for  pattarning  avaluation  of  aggraaaiva 
matal  daaign  rulaa.  Fingara  of  top  matal  ara  10  um  wida  and 
apacad  5  um  apart.  Tha  total  fingar  length  ia  1000  um. 

a  (C2)  Bottom  Matal  Intardigitatad  Llnaa 

Intardigitatad  fingara  for  pattarning  avaluation  of  aggraaaiva 
matal  daaign  rulaa.  Tha  fingara  of  bottom  matal  ara  6  um  wide 
and  apacad  3  um  apart.  Tha  total  fingar  langth  ia  1000  um. 

a  (D2)  Thin  Film  Raaiator 

Thin  film  raaiator  23  by  250  um  (10  aquaraa)  with  a  aubatantial 
bottom  level  matal  ovarlap  contact  to  aach  and. 
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Figure  2-13.  Sector  3  of  the  E115  Test  Mask  Addresses 
Evaluation  of  Various  Design  Rules. 
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2.2.6  Sector  6  Description 

This  lector  (Figure  2-14)  eveluetee  patterning  ability  ueing  conservative 
design  rulea  end  Integrated  Schottky  Logic  (Z8L).  The  integreted  Schottky 
getee  will  need  special  processing  to  open  the  collector  contacts  through  the 
thicker  field  oxide  so  these  circuits  will  not  always  be  available.  The  vari¬ 
ous  sector  structures  ere  described  below. 

e  (Al)  Bottom  Metal  Continuity  Test 

This  continuity  teat  evaluates  narrow  bottom  metal  lines  with  the 
spacinga  sc  chat  there  is  a  high  probability  that  they  can  be  pat¬ 
terned..  The  metal  serpentine  is  6  urn  wide  with  a  9  ua  spacing. 

Taps  are  brought  out  at  1,200,  2,400,  9,600,  28,800,  and  37,600  um 
intervale. 

e  (Bl)  Top  Metal  Continuity  Test 

This  continuity  teat  of  top  metal  uses  conservative  design  rules. 

The  serpentine  metal  line  is  10  um  wide  with  e  10  um  spacing.  It 
is  capped  out  after  1,200,  2,400,  9,600,  28,800,  and  37,600  um. 

•  (A2)  I8L  Totals  Flip-Flop 

A  one-bit  toggle  flip  flop  is  implemented  with  ZSL  which  utilises 
the  Schottky  diodes  between  the  bottom  metal  and  the  epi  region  in 
the  gate's  collector.  Current  mirrors  are  uaed  as  power  source. 

e  (B2)  I8L  Rina  Oscillator 

A  nine-stage  ring  oscillator  and  a  one  gate  teat  cell  were  con¬ 
structed  using  integreted  8chottky  logic.  Current  mirrors  are 
uaed  to  power  the  18L  gates.  One  ZSL  gate  has  ell  its  connections 
brought  out  to  pads  for  external  evaluation. 


f.  So/ 
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Figure  2-14.  Sector  6  of  the  E115  Teet  Mask  Enables 


Evaluation  of  Conservative  Design  Rules 
and  ISL  Gate  Evaluations. 


29 


Tha  intrinsic  capability  of  silicon  semiconductors  co  function  at  the 
300*  G  level  was  established  during  Phase  £  of  this  program.  Tha  metallisa- 
tion  davalopmanti  however,  has  turned  out  to  be  far  aora  difficult  than  ini¬ 
tially  contamplatad  and  hai  ieceiv«4  a  major  portion  of  tha  program  develop- 
mant  affort  ovar  tha  paat  several  yaara.  This  aaetion  of  tha  raport  daaoribaa 
tha  matalliaation  davalopr'.ant  prograaa  that  was  acoompliahad  during  thla  pro- 

l 

gram  phaaa. 

Seotion  3.1  daaoribaa  tha  matalliaation  atatua  at  tha  baginning  of  tha 
program  phaaa.  Auger  alaotron  apactroacopy  accomplished  during  a  2000-hour 
300*  C  avaluation  providad  a  praliminary  indication  that  the  diffusion  barriar 
oapabilitlaa  of  tha  matalliaation  ayatam  vara  satisfactory . 

Saction  3.2  daaoribaa  tha  ahortoominga  of  tha  diffuaion  barriar  which 
baoama  apparent  whan  aoealaratad  taating  at  330*  C  waa  initiated.  Tha  uaa  of 
nitrogen  to  "atuff"  tha  Tl-U  grain  boundariaa  aa  a  aolution  to  tha  diffuaion 
problem  and  the  development  of  an  optimum  aputtaring  deposition  prooaaa  are 
daacrlbad.  Thia  aaotion  alao  diaouaaaa  tha  elimination  of  tha  atuffing  at 
tha  ailioon  oxide  interface  aa  a  solution  to  tha  resulting  adhasion  problam. 

Saction  3.3  daacribaa  tha  experiments  which  substantlatad  that  internal 
stress  in  the  metallisation  resulting  from  differential  thermal  expansion  was 
tha  driving  impetus  behind  the  crystal  formation  observed  in  tha  gold  conduc¬ 
tive  layer.  Metallisation  deposition  at  high  temperature  to  eliminate  tha 
thermal  stress  is  described  in  addition  to  tha  usa  of  hydrogen  doping  as  a 
crystal  formation  retardant.  Tha  usa  of  wet  chemistry  patterning  with  resul¬ 
tant  undercutting,  contaminant  entrapment,  and  bubble-void  formation  is 
daacrlbad. 

Saction  3.4  daacribaa  tha  affort  which  led  to  the  local  elimination  of 
the  nitrogen  stuffing  at  tha  Au/Tl-W  interface  as  tha  final  aolution  to  the 
metallisation  adhesion  problem. 


8sction  3.3  specifies  in  detail  the  matalliaation  pcooaaa  which  haa  baan 
a eve loped  during  thia  prograa  phaaa  to  aolva  tha  diffusion,  adhesion,  voiding, 
and  crystal  growth  problem*  which  hava  baan  ancountarad. 

Section  3.6  daacribaa  tha  preliminary  work  that  waa  performed  to  ahow  tha 
feasibility  of  a  dual-level  ayetem,  Tha  ion  silling  and  lift-off  patterning 

procaaaaa  are  discussed. 

3.1  STATUS  AT  BBGIHNINO  OF  PROGRAM  PHASE 

As  thia  phaaa  waa  initiated  there  waa  a  premise  that  a  atandard  barrier 
natalliaation  ayatas  could  ba  adopted  for  tha  high  temperature  integrated  cir¬ 
cuit  metallisation  for  the  program.  Two  candidates  were  (D  a  platinum  alii— 
cide/titanius  (lOX)-tunga ten/ gold  barrier  metal  ayatem  and  (2)  a  chromium/ 
molybdenum/gold  barrier  metal  ayatam.  Initial  investigations  indicated  that 
both  owtal  ayatema  ware  capable  of  extended  operation  at  300*  C.:  However,  . 
patterning  problema,  adhaaion  problema,  and  a  need  for  aooelerated  life  toot¬ 
ing  above  300*  C  eventually  neceaaitated  tha  development  of  an  improvad  setal- 
liaation. 

Both  matalliaation  ayatama  which  were  investigated  ware  oompriaad  of 
three  individual  layerai  tha  bottom  layer  (platinum  ailioida  or  chromium/ 
chromium  ailicide)  la  intended  to  form  oitmle  and  metallurgical  contact  to  tha 
silicon  aemiconductor,  a  top  layer  of  gold  providaa  low  impedance  aleotrical 
interconnection  between  regiona  of  the  ailioon  chip,  and  the  middle  layer 
(titanium-tungsten  or  molybdenum)  providaa  a  diffuaion  barrier  between  the 
ailioon  and  gold  layera.  The  diffuaion  barriar  propertiea  may  ba  improved  by 
the  addition  of  a  grain  boundary  atuffing  material  auch  a*  oxygen  or  nitrogen. 
In  many  oaaea,  oxygen  ia  naturally  incorporated  into  tha  barrier  aa  a  contam¬ 
inant  from  the  aputtaring  ayatam. 

Both  matalliaation  ayatema  were  atudlad  ueing  auger  electron  apectroacopy 
(AE8)  before  and  during  an  extended  annealing  cycle  at  300*  C.  Tha  information 
plotted  from  the  AI8  profiles  are  the  aignal  intensity  and  the  sputtering  time. 
Thue  the  relative  percentage  compoeition  of  a  layer  may  not  bo  determined  from 


these  results.  However,  the  ABB  profiles  do  provide  relative  positional  indi¬ 
cation*  of  the  veriou*  netelliaetion  layer*.  Figures  3-1  through  3-4  show  pro¬ 
files  taken  before,  during,  and  after  annealing  at  300*  C  for  2000  houre.  The 
Ti-W  diffusion  barrier. is  intact  afar  2000  hour*  at  300*  C  and  appears  to  be 
stabla. 

The  AB8  profiles  of  the  Cr/Mo/Au  system  are  shown  in  Figures  3-3  through 
3-8.  Profiles  are  shown  for  the  as-sputtered  sample  end  at  various  times  dur¬ 
ing  the  subsequent  anneal.  The  oxygen  present  on  the  diffusion1  barrier  layer 
is  believed  to  stuff  the  molybdenum  grain  boundaries,  thus  suppressing  the 
Interdiffusion.  . 

Beth  metallisation  systems  provided  satisfactory  barrier  properties  for 
long  periods  of  time  at  300*  C  as  can  be  seen  in  Figures  3-4  and  3-8.  How¬ 
ever,  problems  with  the  barrier  metal  adhesion  to  the  chips,  the  ability  to 
pettern  the  metal  system  for  integrated  circuit  interconnect,  and  the  ability 
of  the  mstel  system  to  withetend  the  vigors  uf  the  higher  temperatures  required 
for  eccelereted  life  testing  mandated  that  further  improvements  be  made t  ' 

3.2  IMPROVEMENTS  TO  DIFFUSION  BARRIER  SYSTEM 

The  goal  of  10,000  hours  operation  at  300*  C  can  only  be  demonstrated  through 
r.ccslerated  life  testing.  With  this  in  mind,  smplas  of  the  titanium-tungsten 
barrier  metallisation  system  on  blank  wafers  with  platinum  sillclde  were 
annealed  in  a  diffusion  furnsc*  for  30  and  100  hours  it  330*  C.  All  samples 
had  platinum  sillclde  formed  on  blank  silicon  wafers.  Then  the  titanium-tung¬ 
sten  diffusion  barrier  was  sputtered  down  at  200  W  (1.09  W/cm?)  in  a  10  micron 
ergon  atmosphere  in  both  e  static  mode,  where  the  wafers  remain  stationary 
benaath  tha  targat,  and  a  dynamic  moda,  whare  the  wafers  rotate  on  a  carousal 
paasing  under  tha  target  one*  per  revolution.  After  depositing  2300  A  of  bar¬ 
rier,  the  top  gold  layer  we*  deposited  (3000  A  also  sputtered). 

These  samples  wars  annealed  for  30  and  100  hours  at  330*  C  in  a  furnace 
with  a  nitrogen  ambient.  Tha  result*  shown  in  Figures  3-9  and  3-10  ware 
encouraging  but  not  up  to  tha  required  standards.  The  dark  region  in  the 
dynamically  deposited  wafer  shown  In  Figure  3-9  is,  in  reality,  a  specular 
surface;  while  the  lighter  colored  statically  deposited  wafer  has  a  slightly 


FfAK  tOffAKHEIQtiS 


milDRM 


Figure  3-4.  AES  Profile  of  the  PtSi/Ti-W/Ai\  Metal  System  4fter 
Annealing  2000  Houra  at  300°  C. 
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SINTIMNO  TIME  (ARBITRARY  UNITS)  — 

Figure  3-3 .  AES  Profile  of  the  Cr/Mo/Au  Metal  System  After  Deposition 
and  tha  Initial  Slntar. 
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Figure  3-6.  AES  Profile  of  tha  Cr/Mo/Au  Metal  System  After  Annealing 
168  Hours  at  3008  C. 
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After  Annealing  50  Hours  at  350 


Dynamic 


Ti-W  Barrier  Metallization  System  After  Annealing  100  Hours  at 


grainy  feature  whan  viewed  undar  high  magnification.  Tha  circular  pattarna 
era  a  result  of  tha  gold  end  ailicoh  ineatuixihg  through  point  defect*  in  tha 
barriar. 

Tha  propart iaa  of  tha  barriar  metallisation  ayatam  needed  to  b*i  improved 
to  anabl#  long-  tarn  accelerated  life  testing  at  tamparaturaa  approaching. 

390*  C.  Pravioue  investigation*  reported  in  tha  literature  indieatad  that 
either  oxygen  or  nitrogen  could  be  Incorporated  in  the  titanium-tungaten  bar** 
riar  via  .reactive  a put  baring  (Reference  3).  In  addition) .  it  haa  been  shown  ; 
that  pure  titanium-tungaten  film*  form  relatively  poor  diffusion  barriar*  to 
gold  (Rafaranoa  A).  Tha  work  raportad  by  Dakar  at  al.  (Reference  5)  show* 
that  tha  incorporation  of  oxygen  into  tha  diffuaion  barrier  produce*  a  barriar 
reaiatant  to  ailicon  and  gold  diffuaion  up.  to  A00*  C. 

At  thia  point,  it  via  decided  to  concentrate  tha  effort  on  the  Pt8i/Ti-W/ 
Au  metal  ayatam.  Thia  daciaion  waa  not  arbitrary  but  waa  baaed  on  tha  pro¬ 
jected  improvement*  of  the  Ti-W  baaed  ayatam  ralativa  to  tha  chromium/mo lyb- 
danum  barriar  ayatam.  After  thia  daciaion  waa  made,  a  report  (Reference  6) 
waa  found  in  tha  litaratura  indicating  that  nitrogen  atuf fed  molybdenum  waa  a* 
effective  a*  nitrogen  atuffad  Ti-w  for  a  diffuaion  barriar.  However,  judging 
from  tha  ralativa  number  of  publication*,  it  waa  fait  that  the  Ti-W  approach 
provided  a  higher  probability  of  auccaaa  for  tha  program. 

Tha  titanium-tungaten  barriar  propart iaa  ware  improvad  aa  a  raault  of  a 
aariaa  of  dapoaition  experiment*.  In  a  atatic  mode,  tha  wafer*  rtmein  under 
the  target  and  tha  titaniian-tungatan  barriar  waa  aputtered  down  with  a  power 
of  300  W  (A  inch  target)  on  blank  ailicon  wafara  upon  which  platinum  ailicida 
had  already  bean  formed.  Nitrogen  partial  preaaurea  of  0,  0.A,  1.0,  and  5.0 
micron*  war*  uaad  in  four  teat  runa  where  tha  aputtering  praaaura  waa  raiaad 
to  10  micron*  with  argon  aupplamanting  tha  nitrogen.  After  annealing  for  100 
hour*  at  350*  C  in  a  nitrogen  ambient,  the  film  which  had  bean  aputtered  at 
1.0  micron  nitrogen  partial  praaaura  looked  the  beat  but  atill  showed  some 
signa  of  barriar  breakdown. 

A  aacond  dapoaition  matrix  w*«  fabricated  using  a  1.0  micron  nitrogen 
partial  praaaura  with  enough  argon  to  bring  tha  ayatam  praaaura  up  to  10 
microns.  Tha  deposition  power  wee  varied  in  .the  following  etepe:  100,  300, 
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300,  Mid  1000  Watt*.  Aftar  annealing  for  100  houra  ac  350°  C  in  nitrogsn,  tha 
1000  Watt  1.0  micron  nitrogan  stuffed  sample  damonatratad  the  beat  atable  bar** 
riar  capability. 

A  Ti-W  barrier  which  waa  dapoaicad  in  a  1.0  micron  nitrogan  and  9.0  micron 
argon  partial  praaaura  at  a  1000  Watt  dapoaition  power  uting  an  8-ineh  target 
damonatratad  excellent  stability.  Thia  became  the  standard  gold/eilicon  dif¬ 
fusion  barrier  for  thia  projact.  However,  it  aoon  became  apparent  that  selec¬ 
tively  etching  tha  nitrogen  atuffad  titanium-tungsten  layer  waa  difficult  with 
wet  chemiatry  techniquea.  Normal  atch  cyclaa  would  leave  a  thin  remnant  layer 
of  titanium-tunga tan  over  the  dialectric  area  of  tha  chip  which  resulted  in 
apparently  "leaky"  active  devices.  Attempta  at  completely  arching  the  thin 
layer  reeulted  in  undercutting  the  metallisation;  Figures  3-ll(a)  showa  the 
integrated  injection  logic  gate  tranaiator  characteristics  on  a  wafer  with 
this  leakage  problem.  From  tha  figure,  the  total  resistance  between  collector 
and  base  contact  can  be  deduced  to  be  about  7000  olios,  (aseuming  a  tranaiator 
gain  of  10).  Although  thia  ia  a  large  reaiatance,  it  did  not  pose  a  signifi¬ 
cant  problem  for  logic  gate  operation. 

i  . 

Another  problem  which  became  apparent  aftar  the  firat  life  teat  with  the 
initial  metallisation  system  waa  Chat  there  was  poor  adhesion  between  tha 
titanium-tungaten  matal  and  tha  field  silicon  dioxide.  Thia  problem  waa  par¬ 
tially  attributed  to  the  undercutting  of  the  metallisation  but  waa  alao  a  fac¬ 
tor  in  large  matal  regions  which  would  not  be  significantly  affected  by  under¬ 
cutting.  Figure  3-12  shows  tha  results  of  a  tape  peal  test  on  an  electromi¬ 
gration  test  call.  The  poor  adhesion  was  thought  to  be  a  issult  of  tha  nitro¬ 
gan  doping  of  tha  barrier  which  modified  tha  tenacity  of  tha  Ti-W  diffusion 
barrier  to  adhere  to  tha  wafer  oxide. 

In  the  and,  the  simple  addition  of  an  oxidising  cleaning  stap  and  tha 
employment  of  an  undoped  sublayer  of  titanium  tungsten  for  about  10X  of  tha 
total  barrier  thickness  (200  A)  before  tha  deposition  of  the  main  barrier 
solved  the  adhesion  problems.  Also,  since  tha  undoped  titanium  tungsten  tenda 
to  etch  faster  than  the  doped  barrier  material,  the  final  sublayer  was  removed 
completely  without  overetching  or  leaving  a  thin  resietive  film.  Tha  barriar 
metallisation  system  cross  section  at  this  point  in  the  program  ia  shown  in 
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Figure  3-12.  Metal  Lifting  as  a  Result  of  a  Peel  Test  Before 
Any  Metallization  Improvements  Were  Implemented. 


Figure  3-13.  The  acale  in  the  figure  is  distorted  to  illustrate  the  details. 
The  total  Ti-W  barrier  thickness  is  about  2000  to  2300  A  with  the  bottom  10X 
undoped.  The  silicon  oxide  thickness  can  range  from  3,000  to  10,000  A  and 
the  top  gold  layer  is  currently  5000  A. 

The  addition  of  the  undoped  Ti-W  sublayer  improved  the  wet  chemistry  pat¬ 
terning  accuracy  of  the  metal  system.  Figure  3-14  shows  an  example  of  these 
patterning  results  on  the  electromigration  test  cell.  The  minimum  line  width 
and  spacing  is  0.2  mil  (3  microns).  Figure  3-13  shows  a  closeup  of  the  upper 
four  point  probe  electromigration  test  vehicle  with  a  0.2  mil  line,  with  a  Q.‘2 
mil  spacing  between  the  electrcmigration  test  line,  and  a  0.2  mil  guard  line 
on  each  side.  It  will  be  noted  that  the  canter  conductor  is  slightly  wider 
than  the  outside  conductors  due  to  the  n-type  diffusion  cut  within  which  the 
center  conductor  is  positioned. 

i 

Figure  3-16  shows  how  logic  gates  and  ring  oscillator  sections  appeared 
on  the  patterned  wafers.  The  metallisation  syatem  (shown  typically  in  Figure 
3-13)  was  patterned  using  a  wet  chemistry  etching  sequence.  The  narrowest 
line  width  in  Figure  3-16  la  0.3  mil.  A  tape  peel  test  removed  none  of  the 
barrier  metallisation.  In  addition,  curve  tracer  plots  of  similar  sites  on 
all  wafers  indicate  that  baae  collector  leakage  currents  were  all  leas  than 
0.2  microamperes.  Figure  3-ll(b)  shows  the  improved  electrical  performance 
due  to  this  process  compared  with  leaky  characteristics  experienced  earlier 
and  shewn  in  Figure  3-ll(a).  The  results  shown  in  Figure  3-11  wore  obtained 
from  the  same  wafer  after  the  original  metallisation  was  stripped  off  and 
reapplied. 

For  metallisation  development,  blank  silicon  wafers  completely  covered 
with  platinum  eiliclde  ware  utilised  for  process  monitoring  of  the  barrier 
integrity.  One  of  these  2  inch  wafers  was  annealed  for  100  hours  at  363*  G  in 
a  diffusion  furnance  with  a  nitrogen  ambient.  One  defect  in  the  barrier  metal 
was  examined  using  the  scanning  electron  microscope.  Figure  3-17  shows  the 
edge  of  the  wafer  (left)  and  the  defect  (lower  right)  at  20X  magnification. 

The  defect  sise  is  about  17  mils  in  diameter.  Figure  3-18  shows  the  defset 
area  at  200X  magnification.  A  depression  is  visible  in  the  canter  of  the 
defect  region  where  the  gold  layer  was  diffused  down  through  a  channel  in  the 
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Figure  3-14.  Electronslgration  Teat  Cell. 
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Tlgure  3-15.  Cloeeup  of  Mef.al  Etch  Resolution  Capabili 
and  0.2  rail  Space). 


48 


47 


48 


barrier.  Silicon  ha*  diffused  up  through  this  same  channel  and  apread  out  into 
the  gold  layer  causing  the  circular  pattern.  Figure  3-19  is  a  closaup  of  the 
depression  region  at  2000X  magnification.  It  appears  that  the  gold  melted  and 
flowed  down  through  a  hole  in  the  diffusion  barrier.  Pigura  3-20  is  a  closaup 
of  the  depression  area  shoving  a  small  pit  in  the  canter  about  2  microns  in 
diameter.  Microprobe  analysis  of  this  pit  shows  almost  equal  concentrations 
of  tungsten  and  gold  indicating  that  the  barrier  layer  itself  is  exposed. 

These  defects  in  the  barrier  metallisation  system  could  represent  a  latent 
failure  machanism.  If  the  barrier  defect  occurred  in  a  contact  opening,  the 
resulting  gold  diffusion  into  the  silicon  from  the  contact  would  reduce  the 
minority  carrier  lifetime  and  cause  that  gats  to  fail  due  to  reduced  gain  and 
increased  oontaot  resistance.  This  problem  can  only  occur  if  the  defect  is 
positioned  in  a  silicon  contact  region.  At  all  other  locations,  such  a  defect 
would  be  over  the  chip  field  oxide  which  in  itself  provides  an  excellent  dif¬ 
fusion  barrier. 

To  determine  if  barrier  defects  wculd  causa  any  chip  yield  problems,  one 
of  the  metallisation  proaesa  monitor  wafers  with  the  metal  system  on  platinum 
silicide  was  patterned  using  the  electromigration  test  cal)  metal  mask  and  then 
annealed  at  367*  C  for  100  hours.  Figure  3-21  shows  a  typical  ring  oscillator 
metal  pattern  after  tha  anneal.  For  a  barrier  defect  to  affect  chip  yield,  the 
defect  oust  occur  in  a  contact  opening  where  the  metallisation  contacts  the 
silicon  (for  example,  tha  small  rectangular  areas  under  the  "Dl").  All  tha 
metallisation  shown  in  Figure  3-21  was  formed  on  top  of  platinum  silicide  as 
contrasted  with  an  actual  working  die  (shown  in  Figure  3-16)  where  the  majority 
of  the  metallisation  is  on  top  of  a  field  oxide.  A  barrier  defect  was  found 
within  the  metallisation  pattern  on  another  die  site  as  can  be  saan  in  tha 
large  8  by  B  mil  bonding  pad  shown  in  the  center  of  Figure  3-22.  It  should  be 
noted  that  if  this  metallisation  was  actually  on  a  diffused  wafer,  the  defect 
shown  in  the  figure  would  be  on  top  of  the  field  oxide  and  would  not  havs  been 
exposed  by  this  anneal.  This  exercise  provides  some  indication  that  the  defect 
density  in  the  barrier  metallisation  will  enable  reasonable  chip  yields. 
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Figure  3-19.  Centar  of  Point  Dafact  at  2000X 
Magnification  Annealed  100  Hours 
at  365®  C. 


Figure  3-20. 


Two  Micron  Pit  at  Center  of  Point 


Defect  Annealed  100  Hours  at  365®  C. 


.  alfe. . 
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Barrier  Metallization  Test  Pattern  on  Platinum  Silicide  Showing 
a  Defect  in  the  Barrier. 


3.3  mVB8TXQATI0N8  OF  HILLOCKS  AMD  VO  IDO 

On*  o?  th*  discover!**  in  th*  failure  analyni*  of  tha  initial  lit*  t**t« 
wa*  the  presence  of  hillock*  and  voido  in  th*  unpaseivatad  natalliaation  layer*. 
Th*  hillock* i  could :  !>•■ ■  claaaifiad  under  three  general  categorl**.  8ingla  crys¬ 
tal*  war*  observed  growing ; from  tha  top  and  *id*a  of  tha  natal  tup*  (Figura 
3-23) .  SgM  microproba  analyai*  >f  eft***  crystal,*  indicated,  that  thay  war*  com- 
Po*«d  of  almost  pure  gold  within  the  Unit*  of  th*  measurement*.  In  many 
caeaa,  mound*  war*  obaarvad  associated  wlth  tha  cryet el*  (Figura  3-24)  which 
war*  thought'  to  bavlarga  crystal*  buried  inslda  th*  gold  natal  layer.  Finally, 
hillock*  wara  ob**rv*d  , which  can  b**t  b*  described**  bubble*  in  th*  gold  layar 
(Figura  3-25).  In  aona  oaaaa  (Figura  3-26),  all  three  type*  w*ra  ob**rv*d  in 
on*  •«npl*.  Th**a  hillock*  and  associated  void*  in  tha  matalliration  war*  tha 
cauaa  of  many  of  th*  initial  life  t**t  failure*.  A*  a  raeuit,  an  attempt  wa* 
mad*  to  undaratatid  and. control  tha  phenomenon.  Th*  gold  cryatal  growth  wa* 
thought  to  be  related  to  a  thermally  induced  migration  of  gold  atom*.  In  addi¬ 
tion,  thar*  waa  aoma  concern  that  low  level  elect romigrat ion  could  al*o  cauaa 
eh*  earn*  *ort  of  failure  mod*  *o  a  March  for  a  paaaivation  lay*r  or  treatment 
wa*  initiated* 

A  literature  **arch  found  reference*  to  th*  us*  of  hydrogen  a*  a  paaaiva- 
cion  treatment  for  gold  (Reference  7)  and  th*  affect*  of  hydrogen  environment* 
or  Incorporation  on  th*  elactrooigration  resistance  in  thin  matallic  film* 
(Reference*  8  and  9).  At  about  thi*  earn*  time,  a  eilicon  nitride  paaaivation 
experiment  on  gold  (Figur*  3-27)  resulted  in  cryetal  growth  being  auppreaeed  by 
ch*  pi mama  nitride  depoaition  proceaa.  Th*  nitride  layer  had  flaked  off  th* 
gold  early  in  th*  annealing  cycle  but  only  a  few  gold  cryatale  were  obeerved. 
Th*  key  eimilarity  i*  that  hydrogen  ia  «  byproduct  of  th*  nitride  proceaa  and 
the  heated  wafer  had  been  expoeed  to  thi*  gae  during  th*  depoaition. 

An  experiment  wa*  conducted  wherein  a  5000  A  gold  film  wa*  eputtered  on 
top  of  a  Ti-W  diffuaion  barrier  in  an  argon  atmoephar*  with  0.5,  0.69,  1.0,  and 
5.0  micron*  of  partial  praeaurea  of  hydrogen.  Th*  Ti-W/Au  film*  were  patterned 
ueing  wet  chemietry  technique*  (which  did  undercut)  and  annealed  for  523  hours 
at  360°  C.  Optical  inspection  after  th*  anneal  indicated  that  there  were  no  sig¬ 
nificant  cryatal  growth*,  even  for  th*  loweat  hydrogen  doping.  SEM  evaluation 
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Figure  3-23.  Bonding  Pad  of  a  Chip  Exposed  to  340°  C 


for  1600  Hours  Illustrates  a  Single 
Crystal  Hillock  Formation. 


J 
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Figure  3-24.  Cloieup  of  Metal  Runa  After  420  Hours  at 
340°  C,  Mound-Type  Hillock  Formation  is 
Illustrated. 


Figure  3-25.  Metallization  on  a  Chip  That  Failed  After 
210  Hours  at  350°  C,  Bubble-Type  Hillock 
Formation  iB  Illustrated. 


Figure  3-26.  Closeup  of  Ring  Oscillator  Metallization 
That  Failed  After  320  Hours  at  320®  C, 
Single  Crystal,  Mound  and  Bubble-Type 
Hillock  Formations  are  Present. 


Tha  8pecimaawae  Initially  Paaeivated  With  7000  A  of  Silicon  Nitride 
Which. Flaked  Off  Early  in  the  Tatting. 


Figura  3-27 .  Relatively  Few  Gold  Cryetala  are  Obeerved  on 

the  4x5  mil  Bonding  Pad  of  Thia  Teat  Specimen 
Which  Waa  Annealed  at  360°  C  for  509  Hours. 


(Figure  3-28)  confirmed  Ch«  lack  of  crystal  formation  but  showed  a  alight  curl¬ 
ing  at  tha  adgas  of  all  tha  metallisation  whara  it  had  paalad  at  tha  Si/Ti-W 
intarfaea  (Figure  3-29). 

A  longer  term  evaluation  of  hydrogen  doping  of  tha  gold  layer  aa  a  means 
of  suppressing  hillock  growths  was  initiated.  Unpatterned  Ti-W/Au  samples 
with  and  without  the  hydrogen  doping  ware  tested.  Figure  3-30  shows  a  com¬ 
parison  of  two  such  samples  that  were  annealed  for  over  3300  hours  at  360*  C. 
Little  correlation  can  ba  seen  between  tha  siae  or  occurrence  of  gold  crys¬ 
tals  and  tha  proaanee  or  absence  of  a  hydrogen  partial  pressure  in  the  deposi¬ 
tion  chamber.  Clearly  the  ahprt  term  effect  that  the  hydrogen  contributed  to 
hillock  suppression  wag  not  subetentiatad  for  long  periods  on  unpassivated 
samples. 

To  provide  a  definitive  test  of  the  usefulness  of  hydrogen  in  the  gold 
sputtering  atmosphere,  life  test  samples  were  deposited  with  and  without  the 
hydrogen.  These  samples  will  be  put  on  life  test  and  evaluated  in  a  follow-on 
program  supported  by  Contract  N00014-83-C-2393.  The  interested  reader  is 
referred  to  tha  reports  frost  that  program  for  the  evaluation  results. 

a 

The  cause  of  the  gold  crystal  growth  vee  hypothesised  to  be  due  to  the 
thermal  expanaion  mi snatch  between  gold  and  the  silicon  wafer  substrate.  At 
soma  elevated  temperature,  tha  gold  film  would  be  placed  in  compression  since 
gold  expands  more  rapidly  than  silicon.  Tha  mobility  of  gold  atoma  Is 
increased  at  elevated  temperatures.  The  compressive  force  on  the  gold  pro¬ 
vided  the  driving  function  for  crystal  growth  as  gold  atoms  migrated  to 
regions  of  lower  potential  energy. 

A  wafer  stress  fixture  was  constructed  to  verify  this  crystal  growth 
hypothesis  by  mechanically  providing  atrain  in  the  wafer.  The  fixture  was 
designed  to  support  e  wafer  around  its  circumference  and  to  deflect  the  wafer 
center  with  a  screw  (40  threads  par  inch)  to  provide  a  strain.  Experiments 
with  dummy  3-ineh  wafers  indicated  that  40  mils  was  the  maximum  deflection 
that  could  be  applied  to  the  wafer  center  before  the  wafer  broke.  To  cali¬ 
brate  the  fixture,  e  Ti-W/Au  metallised  3-inch  wafer  was  fitted  with  0.015 
by  0.020  inch  strain  gages.  Strain  gages  wars  mounted  at  the  wafer  center, 
and  0.25,  0.75,  end  1.25  inch  radially  out  from  the  center  on  one  side  of 
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•  No  Hillock*  art  Viaibla  on  4  x  5  Mil  Bonding  Fad 

•  Pooling  and  Curling  of  eh*  Edgaa  or*  Viaibla. 
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Flgur*  3-28.  SEM  Photograph  of  Annaalad  Samplaa 
(523  Hour*  at  360*  C)  With  Cold 
Dtpoaltad  in  0.69  Micron  Hydrogan 
Partial  Praaaura. 
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Ti-W  Residue.  Undercutting  of  4  x  5  Mil 
Bonding  Fad  ia  Evident. 


After  Lifting  the  Edge  Metal  With  Tape 


Figure  3-29.  SEM  Photographs  of  Annealed  Samples 
(523  Hours  at  360*  C)  With  Gold 
Deposited  in  5  Micron  Hydrogen 
Pressure . 


01 


Figure  3-30.  Optical  Photographs  Showing  the 
Density  of  Gold  Crystal  in  Ti-W/ 
Au  Samples  Annealed  for  Greater 
Than  3500  Hours  at  360°  C. 
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th«  wafer.  Strain  measurements  wara  made  (Figura  3-31)  with  1/4,  1/2,  and 
1  Cull  Curn  of  Cha  screw  at  room  tamparaturt  and  in  a  66*  C  ovan  (tha  maximum 
taoparatura  limit  for  tha  atrain  gaga).  Tha  atrain  profila  did  not  ehanga 
whan  tha  fixtura  waa  placad  in  tha  ovan,  indicating  that  tha  atrain  inducad 
by  tha  fixtura  did  not  ehanga  with  tamparatura. 

Tha  intarfaca  atrain  dua  to  tha  tharmal  expansion  micmatch  batwaan  Ti-W 
and  Au  waa  aatimatad  to  ba  on  tha  ordar  of  2300  u  inch/ineh  at  330*  C  aaauaing 
that  thara  waa  aaro  atrain  at  100*  C.  Aa  can  ba  aaan  in  Figura  3-31,  tha  max¬ 
imum  atrain  that  could  ba  aafaly  producad  by  tha  fixtura  waa  about  ona  aixth 
of  that  valua.  Aa  a  raault  of  this  ralation,  an  annaaling  axparimant  could 
not  ba  conatructad  that  complataly  cancallad  tha  tharmal  atraaa  with  machani- 
cal  atraaa.  Tha  atraaa  fixtura  waa  uaad  to  modulata  tha  tharmal  induced 
atraaa. by  adding  and  aubcracting  tha  machanical  atrain. 

Two  3-inch  ailicon  wafara  with  Ti-W/Au  matalliaation  wara  annaalad  at 
330*  C  for  347  houra.  Ona  wafer  had  tha  force  applied  to  tha  gold  aide  (gold 
under  mechanical  compraaaion)  and  one  with  the  force  applied  to  the  ailicon 
aide  (gold  under  mechanical  tanalon).  Both  wafara  had  one  full  turn  of  the 
acrew  which  would  produce  a  atrain  of  approximately  400  v  inch/ inch  at  tha 
wafer  center.  After  annealing  the  wafara,  the  gold  undar  the  higher  compree- 
aive  atrain  ehowed  the  formation  of  larger  (2:1)  gold  cryatala  than  tha  wafer 
with  tha  gold  undar  "tanalon."  Figura  3-32  ahowa  optical  photographa  of  sim- 
ilar  regiona  of  both  wafara. 

If  a  tharmal  axpanaion  miamatch  ia  tha  cauaa  of  tha  cryatal  growth  in 
tha  gold  metal  layer  whan  they  arc  annaalad  at  tamperaturea  of  330*  C,  than 
an  obvioua  eolution  to  tha  problem  ia  to  dapoait  tha  matalliaation  onto  wafara 
that  are  heated  tp  thia  tamparatura  range.  Preaumably  at  330*  C,  thara  would 
ba  no  inducad  atralna  in  filma  depoaitad  at  330*  C;  while  at  all  lower 
tamperaturea,  tha  atrain  on  the  gold  would  ba  tenalle  and  not  conducive 
to  cryatal  formation.  Accordingly,  Ti-W/Au  filma  wore  depoaitad  onto  teat 
wafara  at  room  temperature,  300*  and  330°  C.  Tha  taxtura  of  the  filma  was 
found  to  be  prograasivaly  rougher  the  higher  the  depoaition  tamparatura. 
Samples  of  each  of  these  wafers  were  annealed  for  347  hours  at  350°  C. 
Microscopic  examination  after  the  anneal  indicated  that  a  typical  amount  of 
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Gold  In 
Comp ra a a ion 


•  Much  Larger  Hillocka  ar#  Formed  in  tha 
Sampla  Undar  Compreaaion  (1000X) 


Figura  3-32.  Compariaon  of  Hillock  Size  on  Annealed 
Saoplea  Which  Were  Strained  During 
..nneal . 
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gold  cryatale  had  formed  on  Cha  room  temperature  depoaited  sample.  The  sam¬ 
ple  deposited  at  300*  C  had  few  crystals  and  the  sample  deposited  at  350*  C 
was  crystal-free.  Also,  there  was  no  apparent  change  in  the  film  texture 
after  annealing.  Figure  3-33  shows  SEM  photographs  of  the  three  samples 
after  annealing  The  effect  of  the  deposition  temperature  on  the  film  tex¬ 
ture  is  visible.  Figure  3-33  (bottom)  shows  a  crystal  that  formed  during 
the  anneal  of  the  sample  which  was  metal liaad  at  room  temperature. 

An  interesting  discovery  was  made  while  trying  to  suppress  the  growth  of 
gold  crystals  through  the  use  of  a  relatively  thick  top  Ti-W  layer.  Samples 
were  deposited  with  5000  A  of  gold  on  top  of  a  Ti-W  diffusion  barrier.  One 
sample  had  an  additional  layer  of  2000  A  of  Ti-W  deposited  on  top  of  the  gold. 
The  gold  layer  and  the  top  Ti-W  layers  were  patterned  with  wet  chemistry  tech¬ 
niques  and  the  gold  etchant  undercut  the  top  Ti-W  layer  on'  that  sample.  The 
bottom  Ti-W  diffusion  barrier  was  not  etched  since  the  goal  was  to  try  to 
mechanically  constrain  the  gold  using  the  Ti-W  layers.  Figure  3-34  shows  the 
results  of  the  control  sample  without  the  top  Ti-W  layer  after  annealing  for 
600  hours  at  360*  C.  Cold  crystal e  were  observed  growing  in  the  surface  and 
edges  of  the  metal  regions.  The  result  of  adding  a  2000  A  top  Ti-W  layer  is 
shown  in  Figure  3-35.  Cold  whiskers  estimated  to  be  5  mils  in  length  can  be 
seen  growing  from  the  edge  of  the  gold  layer  but  no  hillocks  or  crystsls  are 
visible  on  top  of  the  gold  layer.  This  indicates  that  a  physical  constraint 
will  prevent  gold  crystal  formation.  However,  the  gold  film  does  whatever 
it  can  to  relieve  induced  stresses  (such  as  the  whisker  growth  indiceted). 

The  hillock  growth  resulting  from  life  testing  of  ur.passivated  samples 
using  wet  chemistry  etching  techniques  varied  widely  from  sample  to  sample. 

For  example,  in  one  early  lifn  teat  two  spparsntly  identical  samples  experi¬ 
enced  entirely  different  hillock  growth  results.  One  sample  had  gross  hillock 
growths  at  the  edges  of  the  metelliset ion  rune  while  its  twin  had  very  little. 
In  searching  for  an  explanation,  it  wee  recognized  that  the  wet  etching  pro- 
cen  utilised  can  produce  etching  variations  from  the  water  edge  to  the  center 
which  might  explain  the  apparent  randomness  of  the  hillock  formation  in  sup¬ 
posedly  identical  die.  Thia  hypothesis  was  further  reinforced  by  the  feet 
that  the  life  teat  (maples  were  not  chosen  from  specific  sites  on  the  wafer 
nor  was  s  location  catalog  recorded. 
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350  C  Gold 
Deposition 


•  Note  the  Hillock  Formation 

Figure  3-34.  A  Control  Sample  with  Ti-W/Au  Metallization 
After  Annealing  for  600  Hours  at  360s  C. 
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e  Only  the  Top  Ti-W  Layer  and  tha  Gold  Layer  were  Etched 
e  Note  Undercut  of  Top  Ti-W  Layer  (Thin  Upturned  Edge)  and 
the  Formation  of  the  Gold  Whiskers  from  Constraining  the 
Gold  Surface 

Figure  3-35.  A  Ti-W/Au  Metallization  Sample  With  a  Top  Ti-W 
Layer  (2000  A)  After  Annealing  for  600  Hours  at 
360s  C. 


The  supposedly  identical  die  were  cleaved  and  cross  sections  examined  in 
the  SEM/mlcroprobe.  It  became  apparent  that  the  sample  with  the  gross  voiding 
and  edge  hillock  density  had  experienced significant  undercutting  of  the  gold 
metallisation  layer  during  tl|»  Tt-W  etch.  The  extent  of  the  undercutting 
matched  that  of  the  voiding.  It  was  also  noted  that  the  gold,  at  the  edge  of 
the  rune  va«  reduced  in  thickness  on  the  severely  undercut  sample.  The  other 
■ample  had  very  little  undercutting  or  thinning.  In  addition,  it  wae  noted 
that  the  hillocks  at  the  edges  of  metal  lines  appeared  to  be  bubbles  which 
had  burst  ppen.  ,  'Vv 

Another  .anple,  trtvich  had  felled  during  the  life  test  due  to  metal  void¬ 
ing  at  an  oxide  step,  Was  subjected  to  a  tape  test  in  which  scotch  tape  was 
used  to  lift  the  metallisation  where  it  wes  not  well  adhered.  The  gold  lifted 
from  certain  regions  of  the  chip,  revealing  areas  where  the  Tl-W  layer  had 
been  completely  etched  away.  The  undercutting  of  the  gold  on  these  samples 
had  caussd  bubbles  in  the  metallisation  and  voiding  which  resulted  in  their 
ultimate  failure. 

Based  on  these  results,  it  appeared  that  the  voiding  was  due  to  undercut¬ 
ting  of  the  gold  metallisation  which  randomly  led  to  entrapment  of  the  etchant 
or  other  contaminants.  Then  during  subsequent  high  temperature  life  tests, 
the  residual  contminanta  caused  the  formation  of  bubbles.  Bventually,  the 
bubbles  burst  causing  voids  in  the  gold.  Examples  of  these  failure  mechanisms 
are  shown  as  follows: 

e  Figure  3-36  shows  severe  undercutting  of  the  Ti-U/Au  metal  system 
to  an  extent  which  allowed  a  tape  test  to  remove  some  of  the  metal 
lines  and  bonding  pads. 

e  Figure  3-29  illustrates  where  gross  voiding  of  the  metallisation 
has  resulted  after  annealing;  in  conjunction  with  undercutting 
which  occurred  during  patterning. 

e  Figures  3-24,  3-23,  3-26,  3-37,  3-38,  and  3-39  show  examples  of 
metallisation  anomalies  resulting  from  life  testing  which  clearly 
reeamble  bubblea  or  bllatare. 

Tha  elimination  of  this  failure  mode  was  accomplished  through  che  appli¬ 
cation  of  alternative  methods  for  patterning  the  metallisation  layers.  Ion 
milling  and  lift-off  techniques  ware  explored  for  this  purpose.  Both 
approaches  have  advantages  and  disadvantages.  The  techniques  of  ion  milling 
and  lift-off  patterning  are  discussed  later  in  this  section  under  tha  heading 
entitled  "Dual  Level  Metallisation  Development." 
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•  The  Tap*  Removed  Som*  of  th*  Gold  Metal  Lines  and  Bonding  Fads 
Leaving  th*  Ti-W  Diffusion  Barrier 

•  Note  th*  Extent  of  the  Undercutting  Resulting  from  th*  Ti-W  Etching 


Figure  3-36.  Optical  Photographs  of  the  Tl-W/Au  Metal 
System  from  a  Wafer  Portion  That  wae  Tape 
Tested  for  Metal  Adhesion  Prior  to  Annealing 
(144  Hours  at  360°  C) . 
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Figure  3-38.  Metallization  Anomalies  Observed  After  2200 
Hours  at  320  Hours  at  320°  C. 
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3.4  METALLIZATION  ADHESION  STUDIES 


The  purpose  of  cha  diffuaion  barrier  in  this  metallisation  ayatam  ia  Co 
prevent  tha  diffuaion  mixing  of  tha  gold  currant  carrying  layar  and  tha  sili- 
con  semiconductor  material.  Titenium-tungatan  waa  choaan  aa  cha  initial  dif¬ 
fuaion  barrier  partly  for  ita  adheaiva  qualitiaa  to  both  gold  and  oxidicad 
ailicon  wafer*.  Tha  Ti-W  diffuaion  barrier  produced  by  aputcering  from  a 
Ti(10X)/W(90%)  target  waa  found  to  bo  ineffective  for  cha  deaired  teak  early 
in  thia  program.  The1  aolution  that  provided  ah  affective  diffuaion  barrier 
waa  to  reactive-aputtar  the  Ti-W  in  a  partial  nitrogen  atmosphere.  Thia  pro- 
ceaa  "stuffed  the  grain  boundariaa"  and  transformed  the  Ti-W  layer  into  a  dif¬ 
fuaion  barriar  that  filled  tha  naeda  for  tha  deaired  range  of  time*  and  tem- 
peraturea. 

The  proceaa  of  adding  nitrogen  to  the  Ti-W  diffuaion  barrier  affected  the 
adheaion  qualitiaa  of  the  material.  A  etandard  tape  teat  eaaily  removed  large 
regiona  of  tha  patterned  metalliaation  (Figure  3-12).  The  aolution  wee  to 
depoait  a  thin  layer  of  undoped  Ti-W  firat  before  "atuffing"  the  bulk  of  the 
diffuaion  barrier.  Thia  procedure  provided  the  adheeion  qualitiaa  of  the  "aa 
aputtered"  Ti-W  on  the  wafer  aurface  and  aolved  the  initial  adheaion  problem. 
Tape  teat*  on  the  reaulting  metalliaation  did  not  remove  any  of  the  metal  from 
the  wafer. 

The  next  hint  that  an  adheaion  problem  atill  exiated  waa  aean  in  aome 
evaluation  exparimenta  conducted  at  330*  C.  Figurea  3-40  and  3-41  ahow  SEM 
evaluationa  of  piecea  from  tha  aama  sample  after  annealing  for  92  houra  and 
192  houra  at  330*  C.  Although  the  cryatal  growth  problem  being  inveotigated 
by  the  experiment  appeared  to  be  aolved,  a  progressive  delamination  of  tha 
gold  layer  from  the  Ti-W  diffuaion  barrier  can  be  aean.  The  dalanination  waa 
not  due  to  the  ion  milling  used  to  pattern  the  metelliaetion  since,  as  can  be 
seen  in  Figure  3-42,  lift-off  patterned  metal  aamplea  also  showed  tho  same 
symptoms.  In  all  cases,  the  gold  lifted  leaving  tha  Ti-W  barrier  stuck  to 
Che  wafer. 

Attempts  were  made  to  artificially  improve  the  bonding  between  the  Ti-W 
and  gold  layers  by  forcing  a  smearing  of  the  interface.  The  entire  metalliza¬ 
tion  eyetem  was  deposited  without  venting  the  sputtering  system.  The  approach 
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•  The  Lose  of  Adhesion  la  Between  the  Ti-W  Diffusion 
Barrier  and  Top  Gold  Layer 

e  Minimum  Line  Width  ie  7.5  Microns. 


Figure  3-40.  SEM  Photograph  of  the  High  Temperature 
Gold  Metallization  After  Annealing  for 
95  Hours  at  350°  C. 
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•  The  Metal  Separation  is  More  Pronounced  Than  After 
95  Hours  Indicating  That  the  Process  is  Not  Self 
Limiting 


Figure  3-41.  SEM  Photograph  of  the  High  Temperature 
Gold  Metallization  After  Annealing  for 
192  Hours  at  350°  C. 
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Figure  3-42.  SEM  Photographs  of  a  Portion  of  a  Lift-off 
Patterned  Metallization  After  Annealing  for 
270  Hours  at  350°  C  and  Also  Shows  Delamination. 
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taken  was  to  split  the  power  between  the  TL-W  and  gold  targets  after  the  dif¬ 
fusion  barrier  had  bean  deposited.  As  the  power  fraction  was  gradually  shifted 
from  Ti-W  to  gold,  the  fraction  of  gold  deposited  increased  from  aero  to  ICOX 
over  about  a  1000  A  thickness.  This  approach  wao  not  completely  successful  as 
can  be  seen  in  Figures  3-43  and  3-44.  However,  as  shown  in  Figure  3-44,  the 
hydrogen  in  the  gold  layer  apparently  was  successful  in  suppressing  the  gold 
crystal  growth. 

Since  tape  tests  removed  almost  none  of  the  metallisation  immediately 
after  it  was  pattterned,  tha  thought  was  that  the  Ti-W/Au  "interface  smearing" 
and  a  silicon  nitride  passivation  layer  would  mechanically  constrain  the  metal 
and  improve  the  device  reliability.  The  attempts  that  ware  made  at  implement¬ 
ing  this  approach  produced  mixed  results.  After  wafers  were  metallised  and 
patterned,  sample  sites  were  probed  to  provide  an  indication  of  the  wafer  yield 
and  device  quality.  The  silicon  nitride  layer  was  then  deposited.  After  the 
bonding  pad  windows  were  etched  on  a  few  wafers,  it  was  found  that  the  probe 
marks  on  the  pads  had  caused  a  localised  delaaination  (Figure  3-43).  On  soma 
dummy  wafers,  SEM  evaluation  showed  where  metallisation  lines  ware  lifting  with 
the  nitride  (Figure  3-46).  Ocher  wafers  appeared  normal  (that  is,  no  delami¬ 
nations  or  metal  lifting)  until  sample  chips. were  packaged.  On  these  wafers, 
the  wire  bonding  operation  failed  when  the  ball  bonds  lifted  the  gold  layer 
off  the  Ti-W  diffusion  barrier.  Figure  3-47  shows  one  of  these  chips  where 
the  first  three  ball  bonds  were  successful  and  the  next  two  attempts  failed. 

The  chips  from  a  different  wafer  were  all  successfully  packaged  and  put  on 
life  test.  However,  the  devices  failed  the  life  test  when  the  metal  runs 
broke  as  they  crossed  an  oxide  step  (Figure  3-48) . 

A  portion  of  an  unpatterned  sample  deposited  at  the  same  time  as  the  life 
test  sample  was  analysed  using  Secondary  Ion  Mass  Sepctrometry  (SIMS).  Mate¬ 
rial  is  sputtered  from  the  sample  and  the  charge  to  mass  ratio  analyzed  to 
determine  the  types  of  material  chat  were  present.  The  purpose  of  this  exer¬ 
cise  was  to  determine  if  contaminants  were  present  at  Che  metal  interfaces 
which  could  account  for  the  loss  of  adhesion.  The  results  of  the  analysis  on 
the  "as  sputtered"  film  indicated  that  the  metal  interfaces  were  clean  and 
abrupt.  No  contaminants  were  found  piled  up  at  the  interface  between  the  gold 
and  the  Ti-W  diffusion  barrier. 
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■  Ti-W/Au  Interface  wag  Smeared  During  Deposition 
of  the  Sample  Shown  in  Top  Photo 
e  An  Abrupt  Interface  was  Formed  in  the  Sample 
Shown  in  the  Bottom  Photo 
a  Note  the  Darker  Lines  Indicate  a  Lifting  of 
Metallization 

e  A  Portion  of  the  Lifted  Gold  Has  Fallen  Off 
the  Ti-W  in  Bottom  Photo 


Figure  3-43.  Optical  Photographs  of  Similar  Portions  of 
Mecallization  Samples  After  Annealing  for 
659  Hours  at  360°  C. 
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•  The  Interface  Between  the  Tl-W  Layer 
and  the  Gold  Haa  Been  Smeared  Out 
Over  About  1000  A  Using  a  Power 
Splitting  Sputtering  Technique, 
e  The  Layer  Peeling  Previously  Observed 
is  Still.  Present. 

Figure  3-44.  SEM  Photographs  of  the  Ti-W/Au  Metal 
System  With  Hydrogen  Doped  Gold  After 
Annealing  for  687  Hours  at  360®  C. 


•  A  Clo«e-up  of  a  Bonding  Pad  Showa 
Whera  a  Probe  Mark  Haa  Created  a 
Damage  Canter  Around  Which  the  Metal¬ 
lization  Haa  Lifted. 


Figure  3-45.  Optical  Photographa  of  a  Ring  Oscillator 
Circuit  on  a  Wafer  That  Wae  Probed  for 
Chip  Yield  Prior  to  Silicon  Nitride 
Depoeition. 
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•  The  Photographs  Show  tha  Silicon  Nitrida,  tha  Top 
Ti-W  Layar,  and  tha  Gold  Layar  Lifting  From  tha 
Bottom  Ti-W  Diffusion  Barriar.  4x5  Mil  Bonding 
Fad  and  7.5  Micron  Intarconnact  Linaa  ara  Shown. 

Figure  3-46.  SEM  Photographs  of  a  Portion  of  tha 
Metallization  From  a  Wafer  Which 
Optically  Had  Shown  Soma  Lifting  After 
tha  Bonding  Pad  Windows  Had  Been  Etched. 


a  The  Bottom  Photograph  Showa  a  Cloae- 
up  of  tha  Comer  Bonding  Pad. 

•  Tha  Surfaca  Texture  of  tha  High 
Tamparatura  Dapoaltad  Gold  Can  Ba 
Saan. 


Flguca  3-47.  SEM  Photographa  of  a  Chip  From  a  Wafer 
That  Could  Not  Ba  Packaged  Because  of 
tha  Inadequate  Metal  Adheaion. 
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•  Cauaa  of  Failure  la  Brokan  Metal¬ 
lization  Runa  Cauaad  by  Metal 
Lifting, 

a  Tha  Nitride  Paaaivation  Waa  Re* 
movad  From  This  Sample  Before  the 
Photographs  Were  Taken. 

Figure  3-48.  SEM  Cloaaup  Photographs  of  Failed 
Metallization  Runs  Which  Resulted 
During  Life  Testing. 
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The  most  interesting  results  were  discovered  during  adhesion  tests  run 
on  "as  sputtered"  samples.  The  teeting  was  performed  with  a  stud  glued  to 
the  metallised  wafer  surface  (with  epoxy)  and  the  back  of  the  wafer  glued  to 
a  mechanical  support.  The  syatem  was  then  pulled  apart.  The  metal  system 
that  was  evaluated  is  shown  schematically  below: 


Undoped  Ti-W  (250  A) 

The  top  Ti-W  layer  was  included  to  promote  adhesion  between  the  metal 
system  and  the  chip  passivation  material.  Various  top  layers  were  chemically 
etched  from  the  metallisation  so  that  adhesion  testing  (pull  testa)  could  be 
performed  on  all  the  interfaces.  The  first  adhesion  test  was  performed  between 
the  bcttom  Ti-W  layer  and  the  wafer  oxide  (the  top  Ti-W  layer  and  the  gold  layer 
had  been  chemically  removed) .  At  a  force  equivalent  to  9000  psi,  the  epoxy 
broke.  The  Ti-W  layer  remained  on  the* wafer. 

The  second  test  was  performed  on  a  wafer  with  just  the  top  Ti-W  layer 
etched  off.  The  stud  was  glued  onto  the  gold  layer.  In  this  case  a  force 
equivalent  to  900  psi  was  sufficient  to  pull  the  stud  from  the  wafer.  The 
gold  layer  wee  removed  with  the  stud  while  the  Ti-W  remained  on  the  wafer. 

The  poor  adhesion  in  the  "as  sputtered"  metallisation  films  immedistely 
explained  many  early  failures  that  had  been  disguised  with  different  symptoms. 
For  example,  the  gold  curling  problems  after  annealing  at  360*  C  (Figure  3-41), 
the  bonding  failures  in  packaging  samples  (Flgurs  3-47),  snd  life  test  failure 
(Figure  3-48)  could  now  be  understood.  The  traditional  adhesion  test  using 
scotch  tape  had  not  detected  the  marginal  adhesion.  If  scotch  tape  is  stuck 
onto  the  metallised  wafer  surface  and  peeled  off,  it  exerts  a  force  equivalent 
to  about  1000  psi.  In  fact,  the  gold  could  be  peeled  from  the  Ti-W  layer  in 
the  samples  where  the  900  psi  adhesion  was  measured.  Processing  variables  and 
wafer  surface  conditions  could  explain  why  tape  tests  had  not  detected  this 
problem  earlier. 


A*  loon  as  eh«  marginal  adhesion  was  recognised  in  Che  "aa  apaCCered" 
films,  an  obvious  solution  was  investigated  and  implemented.  The  general 
belief  from  experience  and  discussions  with  others  in  the  industry  is  that 
gold  adheres  well  to  Ti-W,  This  refers  to  the  undoped  (no  nitrogen  stuffing) 
variety  not  the  Ti-W  diffusion  barrier  materiel  that  this  program  had  devel¬ 
oped.  New  samples  were  deposited  on  blank  oxidised  wafers  with  the  same  metal 
system  as  before  except  thet  a  layer  of  undoped  Ti-W  was  deposited  on  top  of 
the  nitrogen  doped  Ti-W  layer.  This  metal  system  appea  j  aa  follows: 


Undoped  Ti-W. 

Undoped  Ti-W 


(250  A) 

(250  A) 


Samples  of  this  metal  system  were  subjected  to  adhesion  testing  with  various 
top  layers  removed.  The  results  were  the  same  for  all  cases.  Not  a  single 
film  failure  was  observed.  Equivalent  Coreas  up  to  8000  psi  were  measured 
pulling  on  all  interfaces  before  the  epoxy  broke.  The  results  of  life  tests 
of  circuits  with  this  metal  system  can  be  found  in  the  reports  for  the  fol- 
low-on  program  supported  by  Contract  N00014-83-C-2393. 


3.5  BARRIER  METALLIZATION  DEPOSITION  SEQUENCE 

The  following  processing  steps  are  used  to  deposit  the  PtSi/Ti-W/Ti-W-N/- 
Ti-W/Au  Improved  barrier  metal  system  and  pattern  it  into  u  usefull  interconnect 
pattern  for  high  temperature  integrated  circuits.  The  process  assumes  that 
Incoming  diffused  wafers  have  had  the  contact  windows  opened  down  to  silicon  and 
and  the  photoresist  stripped  off. 

The  first  step  is  to  clean  the  wafers  to  remove  any  residual  films  remain¬ 
ing  from  the  plasma  photoresist  stripping.  The  first  clesning  step  is  accom¬ 
plished  in  a  concentrated  sulfuric  acid  (18  molar) /hydrogen  peroxide  (30%)  (2000/ 
1000  cc)  solution  for  20  minutes,  end  a  10-minute  rinse  in  deionized  water. 
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This  it  followed  by  *  15-minute  cleaning  step  in  •  water,  ammonium  hydroxide 
<14.5  molar),  hydrogen  peroxide  (30X)  solution  (1100/500/500  cc)  end  a  10- 
minute  rinse  in  deionized  water.  The  wafers  are  then  run  through  en  automated 
rinse-dry  cycle. 

Tho  wafers  are  then  placed  in  the  sputtering  system  for  platinum  deposi¬ 
tion.  A  plasma  etch  at  500  Watts  in  10  microns  of  argon  it  used  to  remove  e 
thin  layer  of  silicon  especially  from  the  p-doped  base  contact  regions  to 
improve  ohmic  contact.  If  the  wafers  have  had  an  ion  implant  for  base  con¬ 
tact,  the  reverse  sputter  it  limited  to  1-^ninute  duration  but  if  the  wafers 
have  not  had  en  implant,  a  sputtering  time  of  4  to  5  minutes  has  been  found 
necessary  for  good  ohmic  contacts.  500  A  of  platinum  is  then  deposited  at 
200  Watts. 

Platinum  silicide  it  formed  in  tha  contact  opening  by  sintering  for  15 
minutes  in  nitrogen  at  500'  C.  This  reacts  all  the  platinum  in  the  contact 
regions.  The  unreacted  platinum  on  the  circuit's  field  oxide  is  removed  by 
boiling  the  wafers  in  aqua  regia  for  IS  minutes  followed  by  a  rinse  in  deion¬ 
ised  water. 

Tha  formation  of  Pt8i  is  important  for  tha  creation  of  good  ohmic  con¬ 
tacts.  Conversely,  the  absence  of  platinum  silicide  in  the  device  contact 
regions  after  the  PtSi  formation  step  indicates  that  ohmic  contacts  may  not 
have  been  created.  If  a  thin  oxide  layer  remains  in  the  contact  region  prior 
to  the  platinum  deposition,  then  the  sinter  cycle  will  not  form  PtSi.  The 
unreacted  platinum  will  be  removed  with  the  aqua  regie.  If  this  occurs,  the 
transistor  characteristics  may  appear  as  shown  in  the  top  portions  of  Figures 
3-49  and  3-50.  The  photographs  shown  in  Figure  3-49  were  taken  from  a  curve 
tracer  display  on  the  asms  device  with  about  a  2-minute  time  interval.  The 
photographa  in  Figure  3-50  were  taken  on  a  device  from  a  different  wafer.  The 
bottom  photograph  in  each  of  these  figures  was  taken  after  a  thin  oxide  resis¬ 
tive  layer  in  the  contact  regions  had  been  broken  down. 

The  preeence  of  Pt8i  in  the  device  contact  regions  esn  be  confirmed  by 
using  the  SEM  microprobe  (KEVEX).  The  X-rays  emitted  by  the  sample  due  to 
the  acanning  electron  beam  can  be  analyzed  for  the  characteristic  energies 
of  platinum.  The  signal  may  bs  quite  low  due  to  the  relatively  small  amounts 
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Figure  3-49.  Translator  Characteristics  Observed  on 
a  Wafer  Before  and  After  the  Oxide 
Layer  Was  Broken  Down  in  the  Device 
Contacts. 
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•  Pin  Holes  Through  the  Thin  Oxide 
Layer  Could  Account  for  che  Slight 
Initial  Gain. 


Figure  3-50.  Transistor  Characteristics  Observed  on 
Another  Wafer  Before  and  After  the 
Oxide  Layer  Was  Broken  Down  in  the 
Contacts . 


of  platinum  present  in  the  emitting  volutae.  For  example,  if  a  total  of  500  A 
of  platinum  wee  deposited  on  the  wafer  prior  to  PtSi  formation  and  stripping; 
at  15  keV,  the  electron  beam  will  penetrate  about  3  microns  into  the  silicon 
smople  generating  X-rays  from  an  ellipsoidal  shaped  volume.  If  the  X-ray 
absorption  is  ignored  and  some  first  order  assumptions  relative  to  the  sensed 
volume  are  made,  then  the  amount  of  platinum  in  the  X-ray  emitting  volume  is 
(at  bast)  less  than  1/60  of  the  total  material.  The  observed  signals  sometimes 
approach  the  minimum  resolution  of  the  microprobe  system. 

Figure  3-51  shows  the  X-ray  energy  histogram  from  the  microprobe  analysis 
on  a  wafer  after  PtSi  was  formed  and  the  excess  platinum  etched  off.  The  top 
photograph  shows  a  prcbe  of  a  device  contact  that  contained  about  the  minimum 
detectable  amount  of  platinum.  The  bottom  photograph  shows  the  microprobe 
results  on  the  oxide  region  of  the  wafer  adjacent  to  the  contact.  The  plati¬ 
num  emission  lines  are  shown  in  the  top  photograph  at  2.04  keV  (M-alpha)  which 
if  the  strongest  cluster  of  platinum  lines  and  at  9.44  keV  (L-alpha).  The 
left  side  of  the  display  shows  part  of  the  base  of  tha  silicon  line  centered 
at  1.74  keV  and  a  ghost  silicon  line  can  be  seen  at  3.48  keV. 

After  verifying  that  PtSi  has  been  formed,  the  metallisation  can  be 
deposited.  If  the  metallisation  system  is  to  be  patterned  with  a  lift-off 
technique,  the  lift-off  photoresist  is  deposited  and  patterned  before  the 
metel  system  is  deposited.  About  1.5  microns  of  positive  photoresist  is 
deposited  on  the  wafers  and  the  surface  hardened  with  a  7-minute  chloroben¬ 
zene  soak.  After  baking,  the  resist  is  exposed  (with  a  dark  field  mack)  and 
developed.  The  hardened  surfaca  of  the  resist  forms  en  overhang  since  it  does 
not  dissolve  as  readily  in  che  developer  as  the  bottom  layer  of  photoresist. 
This  overhang  provides  a  negative  sidewall  angle  which  will  result  in  thin 
metallization  coverage  on  the  sidewalls  when  the  metal  is  deposited.  This 
feature  is  necessary  for  lift-off  patterning  since  the  unwanted  metallization 
is  physically  torn  from  the  desired  metallization  during  the  lift-off  operation 
and  the  thin  sidewall  metal  sections  facilitate  and  control  the  tearing 
operation. 

The  wafers  are  then  placed  in  the  sputtering  system  which  is  evacuated 
to  drive  off  any  adsorbed  water  vapor.  Typical  pump  down  base  pressures  are 
•on  the  order  of  1  x  10”^  torr.  The  wafers  are  reverse-sputter  etched  for 
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Pt  2.04 


•  The  Contact  Region  Contain*  About  the  Minimum 
Detectable  Amount  of  Platinum. 


Figure  3-51.  KEVEX  Photogrephe  Showing  the  X-ray  Energy 
Hietogram  From  the  Microprobe  Analysis  of  a 
Device  Contact  (Top)  and  Adjacent  Oxide 
Region  (Bottom). 
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1  minute  at  500  Watts  in  an  argon  atmosphere  at  10  microns  pressure.  Then 
titanium-tungsten  is  deposited  for  1  minute  at  1000  Watts  (250  A)  in  10  microns 
of  argon.  The  system  is  then  pumped  down  to  the  bese  pressure.  The  nitrogen 
dopant  gas  is  introduced  and  the  system  refilled  with  argon  to  a  pressure  of 
10  microns  (1  micron  nitrogen/9  microns  argon).  The  diffusion  barrier  is 
deposited  at  1000  Watts  for  9  minutes  (2000  A).  The  system  is  then  pumped  to 
the  base  pressure,  refilled  with  ergon  to  10  microns  and  a  thin  top  Ti-W  layer 
deposited  without  the  nitrogen  doping  (250  A). 

Without  breaking  vacuum,  the  wafers  are  moved  under  the  gold  target.  The 
top  gold  layer  is  than  deposited  at  280  Watts  for  53  minutes  in  10  mierons  of 
argon.  After  the  gold  lay*r  has  bean  deposited,  the  wafers  are  moved  back 
under  the  Ti-W  target  and  a  500  A  layer  of  this  material  is  deposited  at  the 
500  Watt  power  -level.  The  wafers  are  then  removed  from  the  sputtering  system 
in  preparation  for  patterning. 

If  the  metallisation  is  not  being  patterned  by  a  lift-off  technique,  pos¬ 
itive  photoresist  is  applied,  exposed,  and  developed.  The  metallisation  sand¬ 
wich  can  be  patterned  by  ion  milling  or  by  wet  chemistry  etching.  The  ion 

• 

milling  process  gives  superior  line  width  and  edge  definition  but  causes  radi¬ 
ation  damage  to  the  bipolar  devices.  This  radiation  damage  has  been  success¬ 
fully  annealed  out  with  a  30-minute  anneal  in  nitrogen  at  500*  C.  If  a  wet 
chemistry  process  is  to  be  used,  the  gold  layer  may  be  etched  using  a  potas¬ 
sium  iodide  etch  (25  g-potassium  iodide,  6.25  g-iodlne,  100  ml-watar)  which 
does  not  attack  the  titanium-tungsten  layer.  Ths  Ti-W  diffusion  barrier  layer 
ia  etched  initially  using  hydrogen  peroxide  at  40*  C  and  finished  with  a  potas¬ 
sium  farri-cyanide  etch  (2g  K3(Fe(CH)6),  1  g  KOH,  100  cc  H2O).  During  the 
etching  process,  it  has  sometimes  been  useful  to  reflow  the  developed  photo¬ 
resist  down  over  the  edges  of  the  metal  pattern  by  heating  the  wafers  to  mod¬ 
erate  temperatures  for  30  minutes.  The  positive  photoresist  will  soften  and 
flow  down  over  the  pattern  edges  to  minimise  undercutting.  After  etching, 
the  photoresist  is  stripped  and  the  wafers  rinsed  in  deionised  water. 

If  a  lift-off  patterning  technique  is  used,  the  metal  is  lifted  off 
through  the  use  of  ultrasonics  and  high  pressure  water  jets.  The  remaining 
photoraaist  is  stripped  and  the  wafers  are  rinsed  in  deionised  water. 
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3.6  DUAL  LEVEL  METALLIZATION  DEVELOPMENT 


Tha  resource*  of  chi*  program  war*  devoted  coward  the  development  of 
Integrated  circuits  capable  of  high  temperature  operation.  Most  of  the  effort 
vaa  concentrated  on  development  of  a  single  level  diffusion  barrler/metalll- 
z at ion  but  preliminary  work  was  performed  to  show  the  feasibility  of  a  dual 
level  system.  Ion  milling  and  lifu-off  techniques  were  employed  in  defining 
the  interconnect  pattern  in  the  Ti-W/Au  me r.al  system. 

Ion  milling  is  precise  in  cutting  straight  down  through  multiple  metal 
layers  in  the  metallisation.  The  material  is  removed  from  r.he  wafer  due  to 
collisions  from  particles  in  a  high  energy  ion  beam.  The  material  removal  is 
by  a  completely  physical  process  that  mechanically  knocks  etom*  from  the  wafer. 
Figure  3-52  shows  e  SEM  closeup  of  an  ion  beam  milled  Ti-W/Au  metal  system. 

The  different  metals  may  be  seen  on  the  vertical  walls  of  the  interconnection 
runs  since  the  gold  and  Ti-W  have  different  reflection  coefficients  with  the 
electron  beam  in  the  8EM.  An  example  of  the  small  geometries  chit  can  be  pro-* 
duced  with  the  ion  mill  is  shown  in  Figure  3*53.  This  photograph  was  taken  of 
a  portion  of  an  interdigitated  finger  structure  that  has  5  u  wide  lines  and 
4  u  wide  spaces.  In  general,  the  ion  mill  can  produce  any  pattern  that  can  be 
resolved  in  the  photoresist.  The  disaEvantagas  of  the  ion  milling  process  are 
that  the  process  is  slow  from  a  throughput  point  of  viaw,  it  tends  to  poly¬ 
merise  the  photoresist  such  that  it  is  difficult  to  remove  from  the  wafers 
and  the  ion  beam  striking  the  wafer  causes  radiation  damage  in  the  bipolar 
devices. 

A  lift-off  metallisation  patterning  technique  wes  explored  to  eliminate 
some  of  the  problems  inherent  in  the  ion  milling  method.  Many  of  the  same 
process  steps  are  used  with  lift-off  and  ion  milling  except  that  the  order  is 
changed  and  the  milling  step  is  not  needed.  Wafers  are  cleaned  and  photoresist 
is  deposited  and  exposed.  The  surface  of  the  exposed  photoresist  is  hardened 
by  soaking  the  wafers  in  chlorobenzene.  Then,  during  the  developing  process, 
the  softer  bottom  layers  tend  to  dissolve  more  and  undercut  slightly.  Figure 
3-54  shows  SEM  photographs  of  the  lift-off  photoresist  before  metal  deposition. 
The  hardened  edge  on  the  top  and  the  resulting  undercut  are  clearly  visible. 

The  Ti-W/Au  metallisation  is  sputtered  down  on  the  wafer  oxide  through  the 
photoresist  openings  and  on  top  of  the  photoresist  elsewhere.  The  photoresist 
with  the  metallization  on  top  is  shown  in  Figures  3-55  and  3-56. 
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a  Tha  Bottom  Metal  Layer  (Darker  Color  Saan  on  tha 
Pattarnad  Gdga)  la  tha  Ti-W  Diffusion  Barrlar. 
a  Tha  Top  Matal  la  Gold  Dapoaltad  at  350s  C. 
a  7.3  Micron  Intarconnact  Linas  arc  Shown. 


Flgura  3-S2.  SEM  Cloaaup  of  Ion  Mlllad  Metallization 
on  Oxidised  Wafera. 


•  Tha  Ti-W/Au-Ti-W  (Top  layer)  Metalliaation  Wat 
Patterned  Ualng  tha  Ion  Mill. 


a  Tha  Macal  Lina  Width*  Ara  5  Micron*  Wida  With 
4  Micron  Space*. 


Figure  3-53.  Thi*  Optical  Photograph  Show*  Soma 
of  tho  Smallest  Gaometrie*  on  th* 
E115  Mask  Sat . 
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•  Tha  Top  Photograph  Shows  a  Croaa  Sactlon  of  tha 
Photoraslst  Batwaan  What  Will  ba  Two  Matal  Runs, 
a  Tha  Bottom  Photograph  Shows  Part  of  tha  Photo- 
rsslst  Structura  in  An  Intogrstad  Fingar 
Pattarn. 


Figura  3-54.  SEM  Photographs  of  the  Lift-off 
Pho' orasist . 
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t  The  Photograph  Showa  the  Wafer  With  Lift-off 
Photoraslat  Aftar  tha  Matal  Dapoeition. 

>  Tha  Matal  Thinning  at  tha  Edga  of  tha  Run  and 
tha  Photoraaiat  Undarout  Ara  Shown  in  th«  Cloaaup 


igura  3-55.  SEM  Photographa  of  a  Portion  of  tha 
E115  Maek  Pattnm  Being  Uaed  in  tha 
Davalopment  of  a  Dual  Level  Metal 


Figure  3-56.  SEM  Cloaaupa  of  the  Ti-W/Au/Ti-W  Metal 
Syatam  Sputtered  Onto  the  Lift-off 
Photoraeiat . 
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After  depositing  th*  metal,  eh*  photor**i*C  Is  removed  with  normal  ad¬ 
vent*  which  lift  th*  unwanted  metallisation  off  the  wafer  except  where  it  wee 
sputtered  directly  onto  th*  oxide.  Figure  3-57  shows  a  closeup  of  the  actual 
lift-off  process  where  eh*  unwanted metallisation  is  being  torn  or  lifted  off 
th*  desired  metallisation.  An  example  of  the  resulting  Ti-W/Au  metal  system 
patterned  uaing  the  lift-off  process  is  shown  in  Figures  3-58  end  3-59.  These 
figures  also  illustrate  th*  most  serious  disadvantage  of  this  process.  Th* 
metal  layer*  are  sputtered  in  sequence  without  breaking  vacuum  and  the  inside 
of  tha  photoresist  overhang  receives  a  thin  coating  of  the  metallisation.  As 
a  result,  the  lift-off  is  not  "clean"  but  tears  at  the  overhang  region  leaving 
a  thin  edge  sticking  up. 

Mora  work  will  be  needed  to  eliminate  tha  upturned  edge  of  the  lift-off 
metallisation.  This  metal  edge  does  not  oauaa  any  problems  for  the  single 
level  metallisation  but  it  must  be  removed  or  eliminated  for  a  dual  level  sys¬ 
tem.  Two  approaches  are  promising.  First,  the  vertical  distance  from  tha 
underside  of  the  photoresist  overhang  to  the  oxide  floor  could  ba  reduced  so 
that  th*  edg'a  remaining  after  tha  lift-off  has  no  significant  height.  This 
can  b*  achieved  by  using  a  thinner  photoresist  layer  or  by  increasing  tha 
overhang  thickness  by  modifying  the  photorssist  hardening  and  developing 
steps.  Second,  the  upturned  edge  of  th*  matal  could  be  removed  after  lift-off 
by  etching  techniques.  This  could  be  accomplished  by  evaporating  about  1000  A 
of  gold  on  top  of  the  metallisetion  to  form  a  self— aligned  mask.  A  Ti— W  etch 
could  then  be  used  to  remove  th*  top  and  bottom  Ti-W  layers  (both  sided)  or. 
the  upturned  edge  without  removing  th*  top  Ti-W  layer  from  the  metal  runs. 

Then  a  gold  etch  to  remove  th*  evaporated  gold  mask  would  also  dissolve  the 
gold  cor*  of  th*  upturned  edge.  Figure  3-60  shows  the  results  of  the  first 
attempt  et  implementing  this  etching  process.  Th*  Ti-W  layers  were  not  etched 
long  enough  but  th*  gold  was  removed  from  the  center  of  th*  lift-off  edge. 

Once  these  fabrication  techniques  are  developed,  th*  duel  level  metal  system 
can  then  ba  evaluated  to  demonstrate  its  reliability  at  high  temperature. 

A  preliminary  processing  run  was  performed  to  demonstrate  th*  feasibility 
of  dual  level  metallisetion  for  high  temperature  electronics  and  to  determine 
if  potential  problems  existed.  A  standard  Ti-W  diffusion  barrier,  sputtered 
gold,  end  a  thin  top  Ti-W  layer  wars  used  for  the  bottom  metal  level.  The 
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•  A  Ti-W/Au/Ti-W  Metallization  Has  Bsen  Sputtered  on 
Top  of  Lift-off  Photoresist, 
e  The  Photograph  Shows  the  Point  Where  the  Metal 
Tears  During  the  Lift-off  and  Leaves  an  Upturned 
Metal  Edge. 


Figure  3-57.  SEM  Cloeeup  of  the  Lift-off  Process. 
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•  Th«  Patterned  Metallization  After  the  Lift-off  Proceaa 
la  Shovm. 


a  An  Almoot  Vertical  Strip  (Upturned  Edge)  ia  Clearly 
Vieible. 


Figure  3-58.  SEM  Photographs  of  a  Portion  of  the  E1.15 
Mask  Pattern. 
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•  A  Croat  Section  Shown  in  the  Bottom  Photograph  Shows 
the  Ti-W/Au/Ti-W  Metallization  and  an  Evaporated 
Top  Gold  Layer  (1000  A) . 


Figure  3-59.  SEM  Cloaeupa  of  the  Lift-off  Patterned 
Metallization. 


•  The  Gold  Layer  Has  9oen  Ramovad  From  Che  Conter 
of  tho  Tl-W/Au/Tl-W  Metal  System  by  a  Gold  Etch. 


Figure 


-60.  SEM  Cloaeupe  Showing  the  Reeiults  of  a 
First  Attempt  at  Removing  the  Upturned 
Edge  With  an  Etching  Sequence. 

-  I 
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bottom  level  was  patterned  using  lift-off.  Plasma  nitride  was  deposited  and 
via  holes  etched  using  buffered  HF.  Figure  3-61  shows  the  smallest  vies  on 
the  meek  after  etching.  After  etching  the  vies  through  the  dielectric,  the 
wafer  was  put  in  a  Ti-W  etch  to  remove  the  top  Ti-W  layer  where  it  wee  exposed 
through  the  via  openings.  This  provides  a  check  to  assure  that  the  vies  are 
completely  opened  up  end  exposes  the  gold  layer  so  that  the  second  level  metal 
can  make  a  batter  contact. 

Two  experimental  second  level  metallisations  were  deposited.  The  first 
wee  a  duplication  of  the  sequence  used  for  the  bottom  metal  layers  while  the 
second  used  a  thicker  (7000  A)  gold  layer  sandwiched  between  a  top  and  bottom 
Ti-W  (300  A)  layer.  All  metallisation  was  patterned  using  lift-off  end  no 
passivation  was  applied  to  the  second  metal  layers. 

Two  arrays  of  vie  chains  between  the  top  and  bottom  Metallisation  levels 
were  probed.  Figure  3-62  shows  SSM  photographs  of  a  portion  of  the  4  by  3 
micron  end  8  by  8  micron  via  chains.  The  resistance  between  the  ends  of  the 
via  chains  ranged  from  270  to  307  ohms  with  the  same  metal  system  on  the  top 
and  bottom  levels  end  from  187  to  204  ohms  with  the  thicker  gold  on  the  top 
level.  One  cht.m  out  of  eight  was  found  to  be  open. 

A  crossover  pattern  that  used  serpentine  structures  at  right  angles  on 
the  top  end  bottom  metal  levels  was  tested  to  study  the  dielectric  integrity. 
Figure  3-63  shows  the  crossover  test  pattern  that  wee  evaluated.  The  problem 
due  to  the  lift-off  patterning  technique  is  clearly  shown  in  this  and  the  pre¬ 
vious  figure.  The  edges  of  the  metal  lines  form  an  upturned  cusp  which  can  be 
seen  on  both  the  top  and  bottom  metal  levels.  This  cusp  increases  the  step 
coverege  problem  for  both  the  silicon  nitride  dielectric  material  and  the 
metal  levels. 
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•  The  Photograph  Shows  a  Via  Pattarn  Etchad  Into  tha 
Silicon  Nitride  Dialactric  Layer  on  Top  of  tha 
First  Metal  Laval. 

a  Tha  Mask  Dimensions  For  tha  Vlas  in  This  Case  Are 
Four  by  Five  Microns. 


Figure  3-61.  Optical  Photograph  of  a  Portion  of  tha 
E115  Mask  Pattern  Being  Used  For  a 
Dual  Level  Metal  System  Development. 
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•  The  Photographs  Shov  4  by  5  Micron  (Top)  and  8 
by  8  Micron  (Bottom)  Via  Chains  Bstwasn  tha  Two 
Matal  Laval s. 

a  Both  Matal  Lavals  Were  Patterned  Using  Lift-off 
Techniques, 


Figure  3-62.  SEM  Photographs  of  a  Portion  of  the 
E115  Mask  Pattern. 
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•  Both  the  Top  and  Bottom  Metal  Levels  Have  Been 
Patterned  by  Lift-off. 

Figure  3-63.  Optical  and  SEM  Photographs  of  a  Cross 
Over  Test  Pattern  on  the  E115  Mask  Set 


4.0  HIGH  TEMPERATURE  STRESS  TESTING 


The  high  temperature  electronics  in  a  nonfuel-eooiad  on-engine  digital 
controller  must  survive  for  at  least  10,000  hours  at  300*  C  without  failure. 
Accelerated  life  testing  is  necessary  to  demonstrate  that  electronics  com¬ 
ponents  will  survive  for  their  design  lifetime.  Consequently,  high  tempera¬ 
ture  stress  testing  must  be  performed  at  temperatures  above  300*  C  in  order 
to  accelerate  the  testing,  The  stress  testing  accomplished  during  this  con¬ 
tract  phase  concentrated  on:  (1)  evaluating  the  extent  of  degradation  of  the 
ohmic  contacts  to  ths  silicon,  (2)  determining  the  useful  lifetime  of  the  un- 
passlvated  barrier/metal  system,  (3)  evaluating  improvements  in  this  lifetime 
as  a  result  of  various  passivations  on  top  of  the  silicon,  and  (4)  determin¬ 
ing  if  alectromlgration  effects  limited  the  useful  life  of  the  metallization 
system.  These  test  results  are  described  in  this  section. 

4.1  OHMIC  CONTACT  TESTING 

The  measurement  of  ohmic  contact  resistance  between  a  chip  metallization 
and  the  silicon  is  complicated  by  the  spreading  resistance  which  occurs  ae  the 
current  spreads  out  in  the  higher  resistivity  silicon  after  being  channeled 
through  the  small  contact  opening.  This  spreading  resistance  cannot  be  sepa¬ 
rated  from  the  resistance  which  may  be  present  due  to  a  high  resistivity  layer 
between  the  metal  and  the  silicon  since  both  resistors  sre  in  series.  However, 
assuming  that  the  geometry  of  the  contact  does  not  change,  the  spreading  resis¬ 
tance  should  remain  conatant.  As  a  result,  any  changes  observed  in  the  spread¬ 
ing/contact  resistance  can  be  attributed  to  the  contact  resistance  itself. 

The  ohmic  contact  test  pads  at  the  top  and  bottom  of  each  test  cell  (that 
is,  Pads  1,  2,  3,  4,  13.  14,  13,  and  16  in  Figure  2-2)  are  designed  for  ohmic 
contact  evaluation  with  various  sizes  of  contact  openings.  A  chip  cross  sec¬ 
tion  and  electrical  schematic  of  the  ohmic  contact  pads  are  shown  in  Figure 
4-1.  As  represented  in  the  figure,  the  resistance  Rq,  ,  R2 »  *nd  R3  ere  the 
total  spreading  resistance  and  ohmic  contact  resistance  series  equivalent. 
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The  experimental  measurement  procedure  for  the  determination  of  the  contact 
resistance  is  outlined  in  Figure  4*2.  In  this  manner,  the  reeietenee  in  series 
with  the  two  center  contacts  was  monitored  periodically  during  an  accelerated 
life  test. 

A  life  test,  which  for  purposes  of  distinction  will  be  called  Life  Test 
"A",  was  initiated  at  320*  C  and  continued  for  300  hours.  At  300  hours  into 
the  test,  the  temperature  was  increased  to  340*  C  and  the  test  continued  for 
another  2090  hours. 

The  contacts  evaluated  were  0.23  x  0.23  mil  and  0.3  x  0.3  mil  contacts 
from  the  barrier  metal  system  to  V  doped  (base)  and  n+  doped  (emitter)  silicon. 
In  addition,  0.23  x  0.23  mil  contacts  were  evaluated  from  the  barrier  metal  to 
n+  on  P  doped  silicon  (integrated  injection  logic  collector  oontacte).  The 
life  test  results  are  shown  in  Table  4*1.  The  increases  in  the  resistance 
values  are  attributed  to  increases  in  contact  resistance.  The  total  spreading 
plus  contact  resistance  experienced  from  a  gate  output  (collector)  into  the 
following  gate  input  (base)  is  thus  on  the  order  of  100  ohms  for  0.23  x  0.23 
mil  contacts. 


Table  4-1.  Average  Contact  Resistance  During  Life  Test  "A". 


A  scanning  electron  microscope  evaluation  of  the  devices  after  the  life 
test  revealed  the  same  sort  of  metallisation  damage  that  had  been  observed 
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Figure  4-2.  Experimental  Procedure  for  the  Deter¬ 
mination  of  Rl  and  R2  (the  Contact  and 
Spreading  Reaiatance  Series  Combination) 


during  earlier  development  experiments.  The  failures  Included  metallisation 
lifting,  voiding,  and  crystal  formation.  This  la  show:  *.»  the  8BM  photographs 
(Figure  4-3)  of  a  contact  pad  taken  aftar  cha  completion  of  Llfa  Test  "A". 

Tha  ohmic  contacts  that  wars  avaluacad  In  this  test  wars  positioned  at  tha 
cantar  of  the  bonding  pads  and,  as  a  result,  ware  directly  beneath  tha  wire 
bonds  that  contacted  these  portions  of  the  chip.  By  being  in  this  location, 
tha  change  of  ohmic  contact  resistance  determined  during  Llfa  Teat  "A"  may 
have  bean  minimised. 

4.2  R1NQ  OSCILLATOR  MfE  TESTS 

A  series  of  powered  and  unpowered  life  teats  was  conducted  during  the 
course  of  this  program  phase  using  the  Ti-W/Au  metallisation  system  and  the 
ring  oscillators  contained  on  the  7-471  metallisation  test  mask  set.  The  life 
tests  were  used  to  evaluate  each  atage  of  the  metallisation  development.  •  When 
problama  In  the  metal  system  were  discovered  as  a  result  of  a  life  teat,  the 
cause  was  Investigated,  and  corrective  action  was  taken  to  eliminate  the 
failure  mode.  This  portion  of  the  report  presents  the  life  test  results  In 
chronological  order.  By  describing  the  failure  modes  and  the  corrective 
action,  a  nummary  of  tha  metallisation  development  sequence  is  praaented. 

The  chips  for  the  life  tests  reported  in  this  section  were  obtained  from 
che  7-471  mask  set.  Bach  of  the  packaged  circuits  contained  three  ring 
oscillators  end  four  logic  gates  on  a  single  chip.  All  of  the  chips  used  a 
eutectic  bond  to  secure  the  chip  to  the  gold  plating  on  the  bottom  of  the 
package  cavity.  One  mil  gold  wires  were  then  bonded  to  the  chips  for  electri¬ 
cal  pin  Interconnection.  The  ring  oscillators  (except  as  noted)  were  powered 
at  a  level  which  resulted  In  100  microamperes  of  current  per  logic  gate  during 
the  strese  tests.  The  Individual  logic  gates  were  not  powered  during  the 
life  teste. 

The  first  ring  oscillator  Ufa  teat  (designated  Life  Test  "B")  was  con¬ 
ducted  at  340*  C.  A  Tl-W/Au  metallization  was  applied  to  7-471  Wafer  20  as 
shown  below. 
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9 EM  Photograph®  of  an  Ohmic  Contact  Pad 
Aftar  2590  Hours  of  Life  Testing  (Con¬ 
tact  is  in  the  Center  of  the  Pad  Under 
the  Ball  Bond) . 


Metallisation  Configuration  for  Lift  Taat  "B" 


Gold  (5000  A) 


Ti-W  (2000  A) 


Silicon  Oxida 
or  Ptfll  (contact i) 


The  metallisation  was  patterned  using  a  wet  chemistry  etching  technique.  The 
finished  wafer  was  left  unpaaeivated.  The  life  test  results  are  summarised  in 
Table  4-2  below. 


Table  4-2.  Integrated  Injection  Logic  Ring  Oscillator 
Life  Teat  at  340*  C  Life  Teat  "B". 


(Temperature  dropped  to  300*  C  -  for  each  readout) 


Total  Hours 
on  Test 

0 

24 

68 

163* 

274 

330 

380 

962 

1220 

1330 

1600 

Number  of 

Functional 

Oscillators 

26 

23 

23 

24 

20 

20 

19 

19 

10 

8 

0 

*At  this  time  one  chip  was  removed  from  the  test  for  evaluation  (one 
oacillator  had  failed,  two  were  still  functional  in  this  chip). 


Chip  No.  6  was  removsd  from  Life  Test  "B"  after  1220  hours  at  340*  C  whan 
all  oscillators  had  ceased  to  function.  A  3EM  analysis  revealed  a  metallisa¬ 
tion  adhaaion  problem  as  the  probable  cause  of  failure.  Figure  4-4  shows  how 
the  metal lisstion  started  to  lift  at  the  edges  after  1220  houra  at  340*  C. 
Figure  4-3  shows  how  the  nerrow  interconnect  metallisation  at  the  interior  of 
the  chipa  lifted  except  for  the  via  contacts  to  active  silicon.  Finally 
Figure  4-6  allows  the  metallisation  lifting  around  contact  openings  to  the 
active  silicon  The  problem  with  poor  metal  adhesion  was  most  severe  with 
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Figure  4-6.  Metallization  Lifting  Around  Contact 
Openings  After  1220  Hours  at  340°  C. 
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narrow  lina  width*  on  top  of  fc*i*  chip  fit  Id  oxid*.  Th*  large  bonding  pad 
ragiona  and  th*  contact*  to  silicon  war*  not  aa  aavaraly  degraded. 

At  th*  end  of  Life  T*at  "B"  (1600  hour*  at  340*  C),  varioue  chip*  w*r* 
examined  to  d*t*rmin*  th*  failur*  mod**.  Although  matalliaation  adhesion 
remains  th*  probable  cauaa  of  failur*,  various  other  potential  failure  mod** 
war*  avidant .  Figure  4-7  show*  a  bonding  pad  from  a  chip  which  wa*  subjected 
to  the  entire  l if*  test.  In  addition  to  the  adhesion  problem,  this  sample 
exhibits  evidence  of  metallisation  voiding  and  gold  layer  crystallisation. 
Figura  4-8  ahows  gold  crystal  formations  and  metallisation  lifting  on  on*  of 
th*  ring  oscillator  circuits.  Pigures  4-9,  4-10,  and  4-11  show  details  of 
various  other  metallisation  features  observed  after  the  life  tes*. 

At  this  point.,  th*  program  resources  were  directed  toward  th*  solution  of 
th*  metallisation  adhesion  and  diffuaion  barrier  problem.  Thie  resulted  in 
an  improved  barrier  metallisation  system  as  shown  below: 


Metallisation  Configuration  Used  for  Life  Tests  "C",  "D",  and  "E" 

1 


1 


Gold  (3000  A) 


[ 


^Ti-W  ♦  nitrogen  (2000  A)j^ 


Updoped  Ti-W  (280  A) 


Silicon  Oxide 
or  Ptdi  (Contact 


This  improved  version  of  th*  barrier  metal  system  was  applied  to  wafers 
which  were  etchsd  with  a  wet  chemistry  process  in  preparation  for  another 
aeries  of  life  tests. 

Wafers  17  and  21  were  selected  for  packaging  based  on  acceptable  I2L 
electrical  characteristics  as  well  as  visual  observation  on  mteal  sligpirept 
and  etching  accuracy.  These  wafers  were  diced  and  I2L  die  selected  for  final 
packaging.  The  selected  dies  were  eutectically  bonded  to  the  package  header 
and  gold  lead  wires  bonded. 
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Figure  4-8.  Gold  Crystal  For.nations  Observed  j.fter 
(Life  Test  "B")  1600  Houi%  at  340“  C. 
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Figure  4- 


I 


Ring  Oscillator  Metallization  After 
(Life  Test  "B")  1600  hours  at  340*  C. 
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Figure  4-10.  Cloeeup  of  Integrated  Injection  Logic 
Injector  Contact  After  (Life  Teat  "B") 
1600  Houra  at  340®  C. 


Figure  4-11.  Cloaaup  of  Metallization  Featuraa  Aftar 
(Llfa  Teat  "B")  1600  Hours  at  340*  C. 


Whan  the  lid*  wart  put  on  uaing  tha  high  tamparatura  gold-garmaniura  pre- 
fora*,  it  va*  found  that  tha  lid  aaala  wara  not  haraatic.  Tha  lack  of  her- 
matlcity  waa  found  at  both  tha  fina  and  grota  laak  taating  ataga  and  waa 
attributad  to  tha  particular  dia  bonding  proeadura.  It  vaa  dacidad  to  procaad 
with  tha  Ufa  taata  of  tha  nonhcraatic  packagad  davicaa  bacauaa  of  time  con- 
attaint*  and  bacauaa  tha  nonharnatic  packagaa  would  provide  a  more  aavara 
environment  than  originally  anticipated. 

Two  powered  life  taata  (Taata  "C"  and  "D”)  wara  conducted  with  tha  pack¬ 
agad  circuit*  from  thaaa  wafer*.  The  firat  oven  life  teat  with  thi*  matalli- 
aation  waa  conducted  at  340*  C  and  involved  10  powered  chip*  (30  ring  oacilla- 
tora)  from  Wafer  21.  A  nummary  of  Lifa  Tact  "C"  ia  ehown  In  Table  4-3.  Tha 
teat  waa  terminated  after  341  hour*  whan  13  out  of  30  oaclllatora  had  failed. 


Table  4-3.  Wafer  21  Powered  Lifa  Teat  at  340*  C  - 
Life  Tact  "C". 


(Tamparatura  Dropped  to  300*  C  for  Readout) 


Total  Hour* 
on  Teat 

0 

104 

173 

341* 

Number  of 

Functional 

Oaclllatora 

30 

29 

29 

17 

*Tcat  Terminated 

A  parallel  lifa  teat  (Lifa  Teat  "D")  waa  conducted  at  320*  C  uaing  10 
powered  chipa  (30  ring  oaclllatora)  from  Wafer  17.  Table  4-4  aummarizee  the 
raaulta  of  thia  lifa  teat. 
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Table  4-4.  Wafer  17  Powered  Life  Teat  at  320*  C  - 
Life  Teat  "D". 


(Temperature  Dropped  to  250*  C  for  Readout) 


Total  Houra 


on  Teat 

0 

20 

43 

166 

32C 

470 

1000 

1600 

Number  of 
Functional 

30 

28 

28 

ay 

20 

18 

4 

2 

Oaoillatora 


An  additional  unpowered  life  teat  (Life  Teat  "E")  employed  packaged  chipa 
from  both  Wafera  17  and  21.  Six  chipa  from  Wafer  21  and  10  chip*  from  Wafer  17 
were  uaed  in  thia  teat.  The  eirouits  were  placed  in  a  diffuaion  furnace  aet  at 
350*  C  with  a  nitrogen  ambient.  Ail  circuita  were  removed  from  the  furnace  and 
cooled  to  room  temperature  for  readout.  The  reaulta  of  thia  teat  are  ahown  in 
Table  4-5. 


Table  4-5.  Unpowered  Life  Teat  at  350*  C  (Diffuaion  Furnace)  - 
Life  Teat  "E". 


(350*  C  Initial  Temperature  -  Drifted  up  to  359*  C  at  325  Houra) 


Total  Hour* 
on  Teat 

0 

20 

70 

210 

325 

420* 

Number  of 

Functional 

Oacillatora 
(Wafer  21) 

18 

18 

18 

3 

2 

0 

Number  of 

Functional 

Oacillatora 
(Wafer  17) 

30 

3:8 

28 

19 

6 

1 

Total  Failure* 

0 

2 

2 

26 

40 

47 

*Te*t  Terminated 

126 


A  8 ISM  Analysis  of  chs  failed  devices  from  Lift  Tssts  "C",  "D",  and  "E" 
showed  thai  ths  severe  metal  adhsslon  problem,  which  had  causad  the  earlier 
life  test  failures,  was  not  the  cause  of  failures  in  this  case.  The  dominant 
failure  mode  for  this  series  of  life  teats  appeared  to  be  seif-diffusion  in 
the  gold  layer  causing  crystallisation  and  voiding  In  the  metallisation.  This 
type  of  failure  is  Indicated  in  Figures  4-12  and  4-13  which  show  8EM  photo¬ 
graphs  of  ring  oscillators  which  failed  after  320  hours  at  the  320*  C.  The 
speclawns  shown,  although  not  from  Life  Tests  "C",  "D",  or  "B",  were  of  that 
same  vintage  and  were  tested  concurrently  for  considerably  longer  periods  of 
time.  Figure  4-14  shows  one  such  specimen  that  was  exposed  to  320*  C  for  2200 
houra.  Ever,  after  thle  time,  the  metallisation  adhesion  appeare  to  be  adequate. 

Figures  4-15  and  4-16  show  the  natal liaation  on  a  chip  after  420  hours 
in  the  350*  C  life  test.  The  hillocks  are  confined  to  the  edges  of  the  pad 
areas  but  are  pervasive  throughout  the  ring  oscillator  metallisation.  Figure 
4-16  shows  the  presence  of  hillocks,  voids,  and  gold  crystals.  Figure  4-17 
shows  that  similar  defects  appeared  after  210  hours  at  350*  C  during  Life 
Test  "E". 

A  variety  of  potential  failure  modee  it  evident  from  this  series  of  life 
tests  (C,D,  and  E).  Metallisation  voiding  was  the  immediate  cause  of  the 
failures  but  gold  mounda  were  also  observed.  The  mounds  were  confined  to  a 
5  to  10  y  region  vt  the  edge  of  the  metallisation  pattern.  It  was  eventu¬ 
ally  determined  that  these  mounds  were  caused  by  wet  chemistry  etching 
techniques  used  in  patterning  the  metallisation.  The  Tl-W  etchant  would 
undercut  the  golu  layer  and  leave  a  residua  which  caused  the  mounds  which 
were  actually  bubbles. 

A  nsw  lot  of  7-471  wafets  was  diffused  and  the  metallisation  reapplied  to 
•ample  wafers  in  preparation  for  additional  life  testing.  The  metal  syutem 
was  ion  milled  Instead  of  using  the  wet  etch  process.  After  ion  milling,  a 
silicon  nitride  passivation  layer  was  deposited  in  an  effort  to  physically 
restrain  the  gold  crystal  growth  phenomena.  The  metal  system  and  passiva¬ 
tion  are  snown  below: 
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Flgura  4-13,  Cloaaup  of  Ring  Oscillator  Metallization 
That  Fallad  Aftar  320  Hours  at  320*  C. 
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Figure  4-14.  Metallisation  After  2200  Hours  at  320°  C. 
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on  a  Chip  That  Failed 
rs  at  350®  C  (Life  Test 


Metallisation  Configuration  Used  for  Life  lasts  "F"  and  "C" 


Two  life  teats  (herein  designated  Life  Tests  and  "C")  were  conducted 
concurrently  ueing  this  motal  system.  Ten  chips  (30  ring  oscillators)  from 
Wafer  19  were  placed  on  a  powered  life  test  at  340*  C.  The  oven  temperature 
was  lowered  to  300*  C  to  determine  if  the  chips  were  still  operational  and 
then  returned  to  the  test  temperature.  A  summary  of  Life  Teat  "F"  is  shown  in 
Tab  la  4-6. 


Table  4-6.  Wafer  19  Powered  Life  Test  at  340*  C  -  Life  Test  "F". 


Total  Hours 
on  Test 

0 

47 

143 

220 

237 

311 

424 

621 

851 

Number  of 

Functional 

Oscillators 

30 

30 

30 

30 

28 

26 

20 

15 

3 

An  unpowered  life  test  at  360*  (Lifs  Test  "G")  was  conducted  to  provide  a 
leading  indicator  to  possibls  failure  modes.  Ten  packaged  chips  from  this 
same  wafer  (No.  19)  were  placed  in  a  diffusion  furnace.  The  ehips  were 
removed  and  cooled  to  room  temperature  to  check  for  correct  operation.  Li  fe 
Teat  "G"  was  terminated  when  all  but  one  of  the  chips  had  failed  after  468 
hours.  The  Life  Test  "G"  summary  is  provided  in  Table  4-7. 
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Table  4-7.  Wafer  19  Unpowered  Life  Teat  at  360*  C  -  Life  Test  "G". 


Total  Hours 
of  Teat 

0 

309 

468 

Number  of 

Functional 

30 

13 

1 

Oscillators 

.  i ' 

At  309  hours i  one  chip  vaa  removed  from  the  360*  C  Life  Test  "G"  after 
all  three  ring  oscillators  had  failed.  An  analysis  of  the  ring  oscillators  and 
I2L  teat  cells  indicated  that  all  of  the  transistors  that  could.be  examined 
electrically  with  a  curve  tracer  operated  normally  but  that  some  of  the  chip 
connections  to  the  ring  oscillators  were  open  circuits.  The  package  lid  was 
removed  and  all  bonding  wires  were  found  to  be  intact.  The  silicon  nitride 
passivation  was  removed  with  hot  phosphoric  acid  and  the  chip  was  examined 
using  a  8EM. 

SEM  analysis  indicated  that  the  causes  of  the  failures  were  breaks  in  the 
metallisation  Unas  where  they  passed  over  an  oxide  step.  Figure  4-18  shows 
SEM  photographs  of  the  injector  (power)  input  and  signal  output  lines  for  one 
of  the  ring  oscillators  on  this  chip.  Figure  4-19  shows  a  SEM  closeup  of  each  of 
these  lines  from  the  previous  figure.  The  pits  in  the  silicon  surface  and  the 
apparent  undercutting  of  the  Ti-W/Au  metallisation  wars  caused  by  the  acid 
•tch  used  in  removing  the  passivation  layer.  The  failure  of  this  chip  during 
Life  Test  "C"  was  cauaed  by  a  mechanical  lifting  of  the  metallisation  which, 
in  conjunction  with  the  oxide  step,  allowed  the  line  to  pull  apart. 

SEM  voltage  contrast  photography  was  used  to  verify  that  the  chip  failures 
from  the  340*  C  powered  Life  Test  "F"  were  through  the  same  mode  just  reported. 

At  621  hours  into  the  powered  life  test,  one  chip  was  removed  when  all  oscil¬ 
lators  had  failed.  Figure  4-20  shows  the  SEM  evaluation  of  that  chip.  The 
top  photograph  is  a  normal  SEM  view,  while  in  the  bottom  photograph  the  voltage 
contrast  signal  ia  being  applied  to  the  bonding  pad  visiblo  in  the  bottom  right 
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*  Ae  Can  Ba  Sean  in  the  Photograph*  the  Failure 
ia  Du*  to  Broken  Metallization  Rune  Cauaed  3y 
Matal  Lifting. 

*  The  Nitride  Paaeivation  Has  Been  Removed  From 
This  Sample. 


Figure  4-18.  SEM  Photographs  of  Chip  No.  23  Which 
Failed  After  309  Hours  at  360"  C 
(Life  Test  "G")  . 
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•  As  Can  Be  Sean  in  the  Photographs  the  Failure  is 
Due  to  Broken  Metallization  Runs  Caused  by  Metal 
Lif tiug 


Figure  4-19.  3EM  Closeup  Photographs  of  the 

(Chip  No.  23)  Failed  Metallization 
Runs  Which  Were  Shown  pt'evioualy 
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•  The  Top  Photograph  Showa  a  Normal  SEM  Vlaw  of 
a  Portion  of  the  Chip  Whila  tha  Bottom  Photo¬ 
graph  Illuatratts  tha  Voltage  Contraat  Technique, 
a  Tha  Two  Metallization  Rune  Leading  From  tha 
Bonding  Pads  (Bottom  Right  Corner)  Are  Open 
Where  They  Croas  an  Oxide  Stop. 

Figure  4-20.  SEM  Photographs  of  Chip  No.  2 

Which  Failed  After  621  Hours  at 
340°  C  (Life  Teat  "F") . 
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corner.  Thi*  line  la  the  output  signal  from  ths  ring  oscillator.  Thsrs  Is 
an  Induced  (voltaga  contrast)  alactrlcal  signal  on  tha  adjacent  pin  (bottom 
middle)  since  that  pin  was  not  grounded  In  the  8EM.  As  shown  in  ths  figure, 
both  metal  lines  are  open  where  they  cross  the  oxide  step  since  the  electrical 
signal  used  to  provide  the  voltage  contrast  effect  doss  not  propagate  past 
this  step. 

The  metallisation  open  circuit  failures  experienced  in  Life  Testa  "7"  and 
"G"  sparked  a  new  investigation  into  the  metal  system.  This  study  was  dis¬ 
cussed  in  Section  3.4  entitled  "Metallisation  Adhesion"  and  resulted  in  elimi¬ 
nation  of  the  nitrogen  stuffing  at  the  Au/Ti-W  interface  aa  well  as  at  the 
PtSi/Ti-W  interface.  New  wafers  were  processed  using  the  knowledge  gained  in 
this  exercise  with  life  testing  currently  being  under  a  subsequent  program 
(Contract  N00014-B3-C-2393) . 

When  the  last  wafer  lot  of  7-471  wafers  was  being  diffused,  two  wafers 
were  completed  with  aluminum  metallisation  to  evaluate  the  lot  yield  before 
accepting  the  remaining  wafers  without  metallisation.  A  decision  was  made  to 
subject  some  of  these  chips  to  a  life  t.est  to  obtain  a  comparison  between 
aluminum  and  gold-based  metal  systems.  The  aluminum  was  deposited  by  E-beam 
evaporation  of  pure  aluminum  (no  silicon)  to  a  thickness  of  12,000  A.  An 
extensive  sintering  cycle  dissolved  enough  silicon  from  the  device  contacts 
to  essentially  saturate  the  metal  with  silicon.  A  plasma  deposited  silicon 
nitride  passivation  layer  of  7000  A  was  deposited  end  the  chips  from  Wafer  6 
were  packaged  in  aluminum  compatible  CERDXP  packages  using  aluminum  bonding 
wires . 

As  before,  two  life  tests  at  different  temperatures  wore  conducted  with 
the  aluminum  metallised  chips.  A  powered  life  test  (designated  Life  Test  "H") 
was  conducted  at  340*  C  using  10  of  the  packaged  chips  (30  ring  oscillators). 
Each  of  ths  gates  was  biased  at  30  yA.  The  worst  case  current  density  was  in 
a  ground  return  line  that  was  0.3  mil  wide  (7.3  y).  As  a  resulc,  the  highest 
current  density  was  less  than  10,000  amp/cm*.  A  summary  of  Life  Test  "H" 
is  provided  in  Table  4-8. 
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Table  4-8.  Wafer  6  Powered  Ufa  Test  at  340*  C  -  Li fa  Taat  "H". 


(Aluminum  Metallisation) 


Total  Hours 
on  Tast 

0 

21 

69 

134 

302 

376 

828 

Number  of 

Functional 

Oscillators 

30 

30 

30 

30 

30 

30 

30 

Total  Hour a 
on  Test 

968 

1389 

2269 

3244 

3723 

4384 

3086 

Number  of 

Functional 

Oscillators 

30 

30 

30 

30 

30 

30 

30 

Tha  powarad  Ufa  Taat  "H"  waa  tarminattd  aftar  3086  hours  at  340*  C  (a 
pariod  slightly  longar  than  7  months).  If  an  accalaration  factor  of  at  laast 
2X  can  ba  asaumad  for  a  40*  C  tamparatura  diffarantial  at  thaaa  tamparaturas 
(that  is i  an  activation  eftergy  graatar  Than  0.323  aV),  than  this  lifa  tast  it 
aquivalant  to  10,000  hours  at  300*  C  which  masts  tha  immadiata  goal  of  this 
davalopmant  program. 

Chip  packagas  wara  opanad  at  tha  conclusion  of  Lifa  Test  "li".  No  changes 
or  observable  degradation  waa  found  in  these  chips  that  had  survived  for  over 
5000  hours  at  340*  C.  An  unstressed  sample  from  the  same  packaging  let  (but  not 
put  on  lifa  tast)  waa  opened  to  compare  with  the  life  test  samples.  Figure 
4-21  shows  this  comparison.  As  seen  in  tha  figure,  no  optical  difference  can 
be  observed  from  before  to  aftar  tha  lifa  tast. 

In  addition  to  tha  powarad  Lifa  Tast  "H",  an  unpowerad  Lifa  Tast  "I"  was 
conducted  at  360*  C  inside  a  diffusion  furnace.  Tha  packaged  chips  from  Wafer 
6  wara  periodically  removed  from  tha  furnace  and  tasted  at  room  tamparatura 
for  correct  operation.  This  life  test  is  still  continuing.  A  final  summary 
will  ba  available  in  tha  monthly  reports  or  final  report  of  tha  currant  con¬ 
tract  phase.  Tha  results  to  data  (March  1984)  are  summarized  in  Table  4-9. 
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The  Top  Photograph  is  From  a  Chip  After  Packaging 
Tha  Bottom  Photograph  Shows  an  Identical  Region 
of  a  Chip  After  S086  Hours  at  340*  C 


Figure  4-21.  Ring  Oscillator  Sections  in 
Aluminum  Metallized  Chips. 


Table  4-9.  Wafer  6  Unpowered  Lift  Test  at  360*  C  -  Life  Taat  "I". 


(Aluminum  Metallisation) 


Total  Hours 
on  Test 

0 

23 

71 

163 

235 

401 

568 

813 

Number  of 

Functional 

Oscillators 

30 

30 

30 

30 

30 

30 

30 

30 

Total  Hours 
on  Test 

1333 

1668 

2269 

3177 

3848 

4389 

3283 

3981 

6430 

6770 

Number  of 

Functional 

Oscillators 

30 

30 

30 

30 

30 

30 

30 

29 

29 

29 

4.3  ELECTROMICRATION  EVALUATIONS 

An  early  invaatigation  into  tha  aocalaration  of  metallisation  failures 
due  to  alactromigratlon  was  conducted  at  320*  C  in  tha  same  oven  aa  the  ring 
oacillator  life  test.  This  teat  (designated  Life  Teat  "J")  used  five  of  both 
the  A1  and  A2  electromigration  test  cells  which  each  contain  two  individual 
patterns.  The  patterns  in  both  cells  contain  0.23  and  0.3  mil  lines  which 
are  approximately  14  mils  long  between  the  Kelvin  probe  connections. 

The  0.23  mil  lines  were  biased  with  a  current  density  of  500,000  amp/cm^. 
The  bias  current  for  the  0.3  mil  lines  was  100,000  amp/cm^.  The  results  from 
Life  Test  "J"  are  shown  in  Table  4-10.  However,  before  diecussing  the  fail¬ 
ures,  a  comment  is  in  order  about  this  experiment.  The  purpose  was  to  deter¬ 
mine  if  electromigration  of  the  gold  metallisation  could  accelwrata  the  as¬ 
sumed  thermal  migration  failure  mode  that  had  produced  crystals  and  voids 
concentrated  at  the  edges  of  the  metallisation  regions.  With  tha  higher  cur¬ 
rent  density,  the  narrower  lines  could  be  expected  to  fail  more  rapidly  than 
the  wider  ones.  In  retrospect,  it  ie  unfortunate  that  the  higher  current 
density  was  applied  to  the  narrower  line.  Since  tha  times  to  failure  are 
similar  to  those  obtained  in  concurrent  life  teste,  the  only  conclusion  that 
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may  b«  drawn  la  chat  the  currant  densities  amployad  do  not  appaar  to  hava 
accelerated  tha  failures . 


Tabla  4-10.  Electromigration  Evaluation  (320*  C)  -  Life  Test  "J", 


JJWjJ 

0 

26 

36 

'42 

164 

244 

446 

640 

740 

880 

1000 

1800 

rrmm 

WHS 

HS 

il  M 

11 

V  •  . . 

A1  0.23  Mil 

3 

5 

■4- 

4 

3 

3 

1 

0 

Al  03  Mil 

3 

3 

3 

3 

3 

3 

3 

3 

4 

3 

2 

1 

A2  0.23  Mil 

3 

4 

4 

3 

3 

3 

2 

2 

2 

2 

2 

2 

A2  0.3  Mil 

3 

3 

3 

3 

3 

4 

4 

4 

4 

4 

4 

3 

In  evaluating  a  devloe  that  failed  after  1000  hour*  at  320*  <J,  portiona 
of  tha  alactronigratlon  natal liaat Lon  linaa  wara  found  to  hava  a  dlffarant 
raflacclvlty  for  both  optical  and  SEM  observation,  xhle  la  aaan  in  Figure  4-22 
where  tha  cop  photo  La  an  optical  photograph  of  the,  device  and  the  bottom  photo 
in  tha  figure  La  a  8BM  photograph  of  tha  aana  ration.  From  tha  diacoloration 
around  tha  failure  point,  it  appaara  that  aona  other  failure  meehanian  la  tha 
cause  of  the  failure.  Figure  4-23  ahowa  8IH  eloaaupa  of  two  aactiona  on  tha 
alactromigration  line.  In  one,  tha  familiar  hillock/void  failure  aechenian  ia 
obaarvad;  while  in  tha  other,  tha  pravioualy  daacribad  failure  point  la  aaan. 
Bafore  jumping  to  coneluaiona  about  new  failura  aodea,  rananbar  that  thaaa 
chipa  wara  unpaaaivatad  and  that  tha  packaged  devicae  wara  not  hermetically 
sealed.  Mora  work  will  be  needed  to  verity  tha  affect  of  alactromigration 
and  to  what  extant  It  may  become  a  problem  with  tha  Ti-W/Au  metallisation 
ay at am. 

Other  alactromigration  cella  failed  from  tha  aama  hillock  and  void  mode 
which  waa  raaponaible  for  tha  ring  oacillator  life  taat  failure*.  Aa  aaan  in 
Figures  4-24  and  4-23,  voiding  acroaa  tha  0.23  metal  line  cauaad  thie  failura 
after  470  houre  at  320*  C. 
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Figure  4-23.  SEM  Cloacup  of  Elactromigration 
Call  Shown  in  Previous  Figure. 


24.  SEM  Evaluation  of  a  0.25  Mil  Electro- 
migration  Cell  That  Failed  After  470 
Hours  at  320®  C. 
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Figure  4-2b.  SEM  Closeup  of  Cell  Shown  in  Previous 
Figure. 


4.4  PASSIVATION  EXPERIMENTS 

Many  of  chi  chip  metallisations  employed  in  che  previously  described  high 
tempersture  stress  tests  were  unpessivtted.  In  the  cases  where  the  awtallise- 
cion  wee  unpeeeiveced (  fei lures  were  due  t r*  open  circuits,  resulting  from 
chernelly  induced  eel f-dif fusion  in  the  gold  layer.  A  preliminary  experiment 
aimed  at  controlling  this  thermally,  induced  self-diffusion  was  conducted  using, 
che  application  of  a  passivation  layer.  Three  different  pee siv.et ion  approaches 
were  independently  employed: 

1.  70(}{j  A  of  ■puttered  8102 

2.  7000  A  of  plasma  deposited  silicon  nitride  &I3N4 

3.  7000  A  of  Silox. 

These  leys rs  were  applied  to.  complete  patterned  wafer  sect  tone  frbm  the  earns 
processing  run  that  supplied  the  chips  for  the  electromigraeion  life  test. 

The  wafers  were  Chen  annealed  for  220  hours  at  360*  C  in  a  diffusion  furnace. 

A  sraple  unpasaivaced  wafer  section  was  annealed  for  122  hours  in  the  earns 
furnance  as'  a  control.  .. 

The  8 EM  analysis  of  the  annealed  samples  is  shown  in  Figures  4-26,  4-27, 
4-28,  end  4-29.  The  annealing  times  and  temperatures  are  comparable  to  those 
needed  to  produce  failures  in  the  life-tested  devices.  Figure  4-26  shows  the 
control,  an  unpassivated  sample  that  was  annealed  for  122  hours.  Figure  4-27 
shows  the  improvements  obtained  by  sputtering  7000  A  of  Si02  on  top  of  the 
metallisation.  Gold  crystal  formations  are  observed  at  the  edges  of  the  metal 
interconnect  llnee,  probably  due  to  cracking  In  the  passivation  In  this  high 
stress  region.  The  plasms  deposited  silicon  nitride  sample  shown  in  Figure 
4-28  survived  the  anneal  with  few  metallisation  changes.  However,  the  silicon 
.-deride  did  not  adhere  to  the  gold  and,  as  a  result,  cracked  and  flaked  off 
from  the  larger  metal  expanses  in  the  elactromigretion  test  cells.  The  silox 
overglass  results  are  shown  in  Figure  4-29.  The  silox  bridgsd  the  I?L  metal¬ 
lization  end  produced  favorable  results  similar  to  those  outlined  with  plasma 
nitride.  However,  adhesion  problems  were  also  observed  with  the  ellox  passi¬ 
vated  samples  where  cracking  in  the  bonding  pad  regions  was  observed.  Gold 
crystal  formation  was  observed  as  seen  in  the  bottom  photograph  in  Figure 
4-29,  growing  up  through  these  cracks. 
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Figure  4-26.  Unpassivated  Gold  Barrier  Metallization 
Annealed  122  Hours  at  360s  C  (Used  as 
Experiment  Control). 
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Figure  4-27.  'Carrier  Metal  System  With  7000  A  of 
Sputtered  SiC>2  After  Annealing  220 
Hours  at  360°  C. 


Figure  4-28.  Barrier  Metal  System  With  7000  A  of 

Plasma  Nitride  (S^N^)  After  Annealing 
220  Hours  at  360°  C. 


igure  4-29.  Barrier  Metal  System  With  7000  A  of 
Silox  After  Annealing  220  Hours  at 
360*  C. 
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Thepaieivatlonaampies  wart  returned  to  tha  furnaca  for  an  additional 
289  houra  at  360*  C.  Tha  aaoplaa  were  removed  and  both  optical  and  aeanning 
electron microscope  obaervet iona  made-  It  should  be  noted  that  the  unpassi- 
vatad  a ample  had  aocuauilaeed  411  houra  total  at  360*  C  while  the  three  passi¬ 
vated  samples  had  bean  annealed  for  309  houra  at  360*  C.  In addition,  the 
templet  weft  beginning  to  accumulate  surface  contamination  (dirt)  and 
mechanical  damage, (scratches  in  the  unpassivated  metalllaatlon)  due  to  the 
large  amount  of  handling. 

figure  4~30  shows  the  unpaaaivated  X^L.ring  oscillators  after  411  houra 
at  360*  C.  In  the  bonding  pad  regiona  (4  by  3  mils),  it  can  be  aean  that 
the  bulk  of  the  hillock  and  crystal  growth  it  confined  to  the  periphery  of 
the  metallisation  area  (Figure  4*31).  Figure  4*32  ahowa  a  SIM  cloaeup  of  the 
metal  lihea  on  the  ring  oscillator  teat  circuits.  These  circuits  Would  have 
failed  in  a  life  teat  due  to  breaka  in  the  metallisation  as  can  be  aean  in 
the  lower  photo •  A  bonding  pad  oh  one  chip  (figure  4*33)  had  sustained  aome 
mechanical  damage  (acratchea)  probably  from  handling  during  the  previoua 
inapection  after  the  initial  122-hour  anneal.  During  the  aubaequant  anneal 
(289  houra  at  360*  C),  cryatal  formation  had  proceeded  preferentially  along 
the  acratchea  in  the  top  gold  layer. 

All  the  paaaivated  aamplea  aurvived  tha  anneal  (309  houra  at  360*  C) 
with  fewer  radical  changea  than  experienced  with  the  unpaaaivated  aample.  In 
general,  tha  paaaivation  did  not  adhara  wall  to  the  gold  metalllaatlon  but 
thla  waa  not  entirely  unexpected  alnce  no  adheaion  promoting  layera  were 
included  In  the  metalllaatlon.  Figure  4*34  ahowa  an  l^L  aectlon  on  the  wafer 
aample  with  7000  A  of  allox  paaaivation.  The  cryatal  growth  obaerved  in  the 
unpaaaivated  aample  (Flgurea  4*30and  4*31)  ia  abaent  but  the  paaaivation  waa 
cracked  where  it  covera  the  bonding  pad  regiona.  SEM  cloaeupa  (Figure  4-33) 
ahow  the  gold  cop  metal  layer  extruding  up  through  a  crack  in  the  paaaivation 
over  a  bonding  pad  (top)  and  over  an  I^L  injector  contact  (bottom).  The  paasi- 
vation  over  Che  I^L  injector  contact  appeared  to  aaparate  at  the  aubetrate 
step  allowing  the  gold  to  aqueese  out  through  the  crack. 

Figure  4-36  ahowa  an  1*1  aection  of  the  aample  that  waa  paaaivated  using 
7000  A  of  aputtarad  Si02>  The  gold  cryatal  formations  at  the  edges  of  the 
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Figure  4-30.  Unpaesivated  Sample  After  411  Hours 
at  3608  C. 
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Figure  4-31.  Bonding  Pad  Raglon  of  tha  Unpaaalvatad 
Sample  Showing  the  Accumulation  of 
Crystal  Growth  at  the  Periphery  (Top) 
and  a  Cloaeup  of  Two  Crystals  Found 
In  the  Pad  Interior  (Bottom) . 


Figure  4-32.  SEM  Cloeeup  of  Unpaeeivated  Ring 

Oecillator  Barrier  Metal  After  411 
Houre  at  360®  C. 
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Figure  4-33.  Damaged  Bonding  Pod  Region  Showing 

Preferential  Crystal  Formation  Along 
Scratches  in  the  Top  Gold  Layer. 
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:  Paaaivated  Sampla  After  509 
i  at  360°  C. 


1 


Figure  4-36.  Sputtered  S102  Passivated  Sample  After 
Annealing  509  Hours  at  360®  C. 
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barrier  meial  interconnect  lines  are  more  prominent  afte~  509  hours  at  360°  C. 
Figure  4-37  shows  SSM  cioseups  of  the  metallisation  on  a  ring  oscillator  (top) 
and  two  parallel  lines  on  the  electromigration  test  cell  (bottom).  The  gold 
crystals  apparently  form  through  atep  coverage  detects  where  the  sputtered 
passivation  does  not  completely  cover  the  edges  of  the  metallisation  lines. 

The  plasma  nitride  passivated  sample  is  shown  in  Figure  4-38.  The  sili¬ 
con  nitride  did  not  adhere  to  the  gold  at  all  but  eendad  to  bridge  the  gold 
regions  from  the  chip  field  oxide.  As  can  be  seen  in  the  figure,  the  passiva¬ 
tion  flaked  off  from  numerous  bonding  pai  regions,  and  in  other  regions  it  is 
raised  above  the  gold  metal  surfaces  so  chat  optical  interference  patterns  are 
visible  (bottom  three  p~de  on  the  right  side).  8 EM  observation  of  the  metalli** 
sation  on  this  sample  provides  substantial  encouragement  that  the  crystallisa¬ 
tion  problem  may  be  solved.  Figure  4-39  shows  a  bonding  pad  where  the  passi¬ 
vation  has  flaked  off.  Mote  that  no  crystal  formations  are  observed  around 
the  periphery  as  were  seen  with  the  unpassivated  sample  (Figure  4-31).  This 
observation  is  typical  of  the  metal lisation  on  this  sample  and  many  other  pads 
that  have  been  uncovered  for  at  least  289  hours  at  360*  C. 

Based  on  the  results  seen  in  this  preliminary  study,  silicon  nitride  was 
chosen  as  the  price  candidate  for  a  passivation  material.  An  investigation  of 
plasr,a  deposited  silicon  nitride  processing  revealed  several  variables  that 
had  to  be  controlled  to  produce  a  satisfactory  passivation  film.  The  keys  to 
success  were  the  production  of  a  denes,  slightly  compressive  film,  deposited 
at  a  temperature  less  than  330*  C  and  the  addition  of  a  Ti-H  adhesion  promot¬ 
ing  lsyer  on  top  of  the  gold. 

The  compressive  or  tensile  properties  of  the  passivation  were  controlla¬ 
ble  by  variation  of  process  parameters  during  deposition.  Concurrently  with 
the  development  of  the  plasma  nitride  passivation  layer,  a  decision  was  made 
to  expand  the  metal  eystem  into  a  dual  level  capability.  Thus  a  passivation 
(dielectric)  thickness  of  3000  A  was  chosen  for  ell  further  studies. 

Some  of  th i  initial  silicon  nitride  results  ere  shown  in  Figure  4-40. 

The  film  in  this  figure  was  depositud  * th  a  large  tensilu  stress.  Initially, 
the  surface  appeteed  unblemishad,  buc,  after  annealing  for  471  hours  at  330*  C, 
the  passivation  cracked  and  lifted  from  the  metal l isat ion  and  wafer  surface. 
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•  7.5  Micron  Interconnect  Lines 


Figure  4-37.  Gold  Crystal  Formation  at  Edges  of 
Barrier  Metal  With  Sputtered  SiC>2 
Passivation. 
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Figure  4-38.  Plasma  Nitride  Passivated  Sample  After 
Annealing  509  Hours  at  360°  C. 
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•  4  x  5  Mil  Bonding  Pad 


Figure  4-39.  SEM  Observation  of  Bonding  Pad  in 

Plasma  Nitride  Passivated  Sample  (Top) 
and  Closeup  of  Gold  Crystals  in  Pad 
Interior  (Bottom). 


164 


•  The  Samples  Wars  Annealed  For  471  Hours  at  350s  C. 

Figure  4-40.  Optical  and  SEM  Photographs  of  a  Highly 
Tensile  Plasma  Nitride  Passivation 
Deposited  on  Gold  Metallized  Samples 
Without  a  Top  Ti-W  Layer. 


Another  trial,  shown  in  Figure  4-41,  had  a  slight  cansils  atross  in  ths 
as-deposited  film.  After  annas ling  471  hours  at  350*  C,  tha  nitrida  only 
crackad  over  tha  chip  bonding  pads, 

Tha  addition  of  a  300  A  top  Ti-W  layer  to  tha  gold  film  inprovad  tha 
passivation  adhesion  to  tha  natal  systsm.  Figura  4-42  illustrates  tha  rasults 
of  an  annealing  axparimant  with  this  systsm  whara  tha  sanplas  war a  storad  at 
330*  C  for  273  hours.  No  cracks  or  passivation  peeling  .wars  visible  aftar 
this  test  but  nicrocracks  ware  observed  in  other  sanplas  aftar  longer  periods. 

The  deposition  of  a  silicon  nitrida,  layer  with  a  slightly  compressive 
stress  apparently  solved  the  passivation  adhesion  problem.  A  sanpla  with  this 
passivation  deposited  over  a  test  metallisation  structure  is  shown  in  Figure 
4-43.  Tha  natal liaation  had  a  300  A  Ti-W  layar  on  top  of  tha  gold  for  adha¬ 
sion  purposes.  This  photograph  was  taken  aftar  tha  sanpla  had  accumulated 
824  hours  at  360*  C.  No  cracks  or  signs  of  passivation  lifting  ware  observed 
in  this  sample. 


The  Samples  Wara  Annealed  for  471  Hours  at  350*  C. 


Figure  4-41.  Optical  and  SGM  Photographs  of  a 
Slightly  Tensile  Plasma  Nitride 
Passivation  Deposited  on  Gold  Metal¬ 
lized  Samples  Without  a  Top  Ti-W 
Layer . 


/ 


•  The  Samples  Ware  Annealed  for  273  Houra  at  350e  C 
(7,5  Micron  Interconnect  Line) 

Figure  4-42.  Optical  and  SEM  Photographs  of  a 
Slightly  Tensile  Plasma  Nitride 
Passivation  Deposited  on  Gold  Metal¬ 
lized  Samples  With  a  Top  Ti-W  Layer. 
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Figure  4-43.  Optical  Photograph  of  the  High  Temperature  Gold  Metallization 
With  a  Top  Ti-W  Layer  and  Compressive  Stressed  Plasma  Nitride 
Paasivatlon. 


5.0  LOCIC  CATE  DESICH  ANALYSIS 


Earlier  studies  (Reference  10)  using  the  General  Electric  Integrated 
Injection  Logic  computer  model  indicated  that  specific  doping  level  changes 
could  have  a  first  order  effect  on  the  high  temperature  performance.  The 
model  was  employed  to  predict  the  improvements  that  could  be  obtained  from 
these  specific  doping  level  changes.  A  double  diffused,  junction  isolated, 
bipolar  process  was  used  as  the  basis  for  this  modeling  work.  As  a  result, 
processing  objectives  were  obtained  which  should  improve  the  high  temperature 
performance.  This  section  of  the  report  summarises  the  related  analytical 
efforts  which  ware  accomplished  during  the  program. 

The  standard  I*L  modal  was  supplemented  to  account  for  second  order 
effects  such  as  the  addition  of  base  width  modulations  due  to  junction  deple¬ 
tion  regions  and  the  addition  of  gate  fan-in  effects.  Another  change  allowed 
the  model  to  internally  compute  doping  levels  and  junction  depths  based  on 
input  data  and  processing  information.  This  provided  more  realistic  simula¬ 
tions  on  devices  and  on  process  variations  that  can  be  physically  fabricated. 
The  third  type  of  Improvement  was  cosmetic  and  reaultad  from  transferring  the 
model  to  a  VAX.  Since  the  VAX  line  printer  has  graphics  capabilities,  the 
entire  modeling  process  was  automated,  Including  the  plotting  of  tha  final 
curves. 

The  initial  modeling,  shown  in  Figure  5-1,  confirmed  experimental  evi¬ 
dence  that  the  high  temperature  effective  gain  rolloff  point  increases  with 
increasing  injection  current.  However,  it  was  found  experimentally  that  tha 
I2L  gates  had  a  decreasing  range  of  injection  current  over  which  they  operated 
as  ambient  temperatures  wars  increased.  The  lower  limit  for  injection  current, 
for  which  the  gate  still  operates,  occurs  when  the  total  leakage  current  in 
all  of  the  collectors  tied  to  a  gate  input  (NPN  base)  rob  that  gate  of  its 
injection  current.  Tho  upper  limit  for  a  gate's  injection  current  range  for 
which  tha  gate  still  operates  is  related  to  the  effects  of  high  current 
deneities  in  semiconductors.  Resistive  effects  lesd  to  emitter  crowding  plus 
the  normal  decrease  in  bets  associated  with  high  base  currents.  The  model 
makes  no  pretense  in  accounting  for  resistance  effects  (they  could  possibly 
be  added)  since  geometrical  descriptions  of  the  gets  would  then  have  to  be 
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included.  At  present,  only  the  lower  threshold  point  in  the  injection  current 
range  ia  predicted  by  the  model. 

The  atandard  proceaa  I2L  (thicker  api)  waa  modeled  with  variationa  in 
the  NPN  baae  doping.  The  doping  lavela  .were  adjuated  by  changing  the  baae 
surface  depoaition  (the  number  of  dopant  atoma  depoaited  on  tha  eurface  par 
aquere  centimeter  before  diffuaion).  Figure  5-2  ahowa  the  effect  of  varying 
the  baae  deposition  where  the  api  thicknesa  after  processing  ia  held  at  5 
microns  to  prevent  the  base  region  from  diffusing  into  tha  buried  island  (or 
substrate).  A  subsequent  data  fitting  to  a  published  baae  profile  indicated 

that  during  normal  production,  chips  had  bean  processed  with  a  baae  depoaition 

U  n 

of  5.6  x  10  atoms/cnT  on  a  reasonably  thick  epitaxial  layer.  Experimental 
measurements  on  ring  oscillators,  that  were  fabricated  ualng  a  similar  pro¬ 
duction  process,  showed  a  temperature  limit  of  about  250*  C  at  50  microamperes 
injection  current.  Figure  5-2  (modeled  using  a  100  microampere  Injection 
current)  shows  that  at  the  experimental  base  daposltion,  the  gain  drops  below 
unity  at  slightly  below  the  250°  C  point. 

having  produced  the  previous  calibration  point,  the  epi  thicknesa  was  aet 
to  2.5  microns  in  the  model  and  the  base  depoaition  varied  egain.  The  effect 
waa  to  vary  the  final  doping  in  the  intrinsic  NPN  baae  emitter  junction  region 
In  Figure  5-3,  the  top  curve  ahowa  the  effective  gain  with  a  light  baae  deposi 
tlon  of  5.0  x  1013  atoms /cm2.  In  this  curve,  the  base  only  penetrates  2.1 
microns  into  the  epi.  In  the  aocond  curve  with  1.0  x  10^  baae  deposition, 
the  baae  diffuses  almost  completely  through  the  api  layer.  The  other  curves 
show  the  effect  of  pushing  the  base  regions  down  into  the  buried  layer  (sub¬ 
strate)  .  In  essence,  the  affective  gain  rolloff  temperature  is  Increased 
with  increasing  base  doping.  Figure  5-4  if  a  continuation  of  this  modeling 
experiment  with  even  larger  base  depositions.  The  problem  with  fabricating 
devices  with  these  parameters  is  that  the  intrinsic  base  doping  and  base- 
emitter  junction  depth  in  the  final  device  are  determined  by  where  on  the 
base  doping  profile  the  base  doping  concentration  matches  that  of  the  sub¬ 
strata  doping.  Thus  the  base  emitter  junction  is  referenced  to  the  substrate 
while  the  base  collector  junction,  having  been  diffused  last,  is  referenced 
strongly  to  the  chip  surface.  As  a  result,  epi  thickness  variations  trans¬ 
late  almost  directly  into  NPN  base  width  variations. 
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Figure  5-2.  Effect  of  Beee  Doping  on  I^L 

Operecing  Margin  with  e  5  Micron 
Thick  Epi  Layer. 
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The  large  values  of  effective  gain  Bhown  in  Figures  5-3  end  5-4  are  arti¬ 
fact*  of  th*  modeling  process.  The  NPN  transistor  model  gain  is  determined 
primarily  by  tha  transistor's  base  width  which  is  specified  in  the  computer 
model.  This  results  in  the  wide  gain  swings  for  the  transistor  as  the  base 
doping  level  changes.  In  reality,  it  is  tha  transistor  gain  which  is  a  pro¬ 
cessing  specification  and  not  the  base  width. 

Th*  modeling  results  with  the  base  deposition  variations  indicated  that 
tha  doping  at  the  base  emitter  junction  strongly  affected  the  high  tempera¬ 
ture  performance.  These  changes  could  also  be  produced  by  changing  tha  epl 
doping  level  to  form  th*  baaa/amittar  junction  closer  to  th*  chip  surface  at 
a  higher  base  doping.  To  verify  this,  th*  epi  thickness  was  set  at  5  microns 
to  keep  substrate  doping  from  Influencing  the  experiment,  and  variations  in 
th*  epi  doping  level  were  modeled.  Th*  results  presented  in  Figures  5-5  and 
5-6  were  produced  by  setting  th*  bass  deposition  at  1.6  x  lQ1^  atoms/cm?  (th* 
third  curve  in  Figure  5-4)  and  varying  the  epl  doping.  The  high  temperature 
rolloff  point  does  not  exceed  300s  C  as  predicted  by  the  base  doping  variations 
even  though  th*  changes  in  the  NPN  emitter  doping  increased  to  e  level  that 
was  five  times  larger  than  used  in  Figure  5-4.  The  reason  for  this  was  shown 
by  th*  variations  in  th*  PNP  alpha  which  ia  directly  effected  by  th*  epi 
doping  level.  As  th*  doping  Increased  causing  a  reduction  in  alpha,  the  net 
result  was  to  simulate  a  lcwer  injection  current  level  into  th*  NPN  transistor. 
At  NEPIE  ■  5.1  x  101®  in  Figure  5-6,  the  injection  current  into  th*  gate  has 
been  decreased  enough  to  cause  a  reduction  in  th*  high  temperature  performance. 

A  possible  solution  to  this  dilemma  would  involve  the  growth  of  a  double 
layer  of  epl.  The  PNP  base  doping  can  then  be  controlled  independently  of  the 
NPN  emitter  doping.  Growing  a  double  epl  layer  with  different  doping  levels 
produces  the  Improvements  shown  in  Figure  5-7.  A  bottom  epl  level  (NEPIE) 
doped  at  1.0  x  10^®  atoms/cc  sets  the  NPN  emitter  and  base  doping  level  while 
the  top  level  (NEPIB)  is  varied  to  control  th*  PNP  base  doping  and  the  PNP 
alpha.  Figure  5-7  reproduces  the  corresponding  curve  in  Figure  5-4  for  a 
base  surface  deposition  of  1.6  x  10^  atorae/cm^  and  a  top  base  doping  (NEPIB) 
of  3.0  x  lOl®  atoms/cc.  While  a  double  epl  layer  may  not  be  a  practical 
solution  from  a  processing  point  of  view,  the  arrival  at  this  point  haa  shown 
the  direction  to  be  taken  in  improving  the  high  temperature  performance  of  I^L. 
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Fleur*  5-7.  Effect  of  Change*  in  Top  Epi 
Doping  (PNP  Bee*)  with  Bottom 
Epi  Layer  Doped  it  1  x  lO1-8 . 


Reports  in  the  literature  have  indicated  that  the  slow  switching  speed  of 
1*1  gates  was  due  to  a  storaga  of  minority  carriers  in  the  NPN  emitter 
region.  This  situation  may  be  improved  by  using  a  thinner  epitaxial  layar 
allowing  the  baaa  to  drive  down  to  the  substrate  and  increasing  the  emitter 
doping.  Since  the  previous  modeling  results  had  indicated  that  these  doping 
level  changes  would  also  improve  the  thermal  operating  characteristics,  a 
study  of  epi  thickness  variations  was  undertaken. 

The  Initial  information  neadad  was  the  base  doping  profile  to  be  produced 
in  fabricated  devices.  Prom  published  data,  the  base  doping  at  the  surface 
was  found  to  be  5.0  x  10^®  boron  atoma/cc.  At  a  depth  of  2.5  olcrona,  this 
concentration  was  reduced  to  1.0  x  10^  atoma/cc.  Theae  values  allowed  a 
computation  of  the  surface  concentration  of  boron  atoms  before  diffusion  and 
the  diffusion  coefficient-time  product.  Once  theae  proceaa  parameters  were 
known,  the  base  doping  profile  could  be  computed.  As  the  epi  thickness 
varied,  the  depth  to  which  the  base  region  penetrated  could  be  computed  by 
matching  the  concentration  profile  to  the  substrate  or  the  api  concentrations. 
This  matching  resulted  in  a  value  for  the  junction  depth  and  base/emittar 
junction  doping  levels.  The  effective, gain  was  modeled  using  this  standard 
base  profile.  Figure  5-8  shows  the  affect  of  epi  thickness  on  the  effective 
gain  and  the  high  temperature  thermal  roll-off. 

The  thinner  epi  approach  appears  to  be  the  optimum  direction  in  which  to 
proceed  for  producing  both  faster  devices  and  higher  operating  temperatures. 
This  does  pose  a  problem  on  device  yield  and  gain  variations  sines  driving  the 
bass  down  to  ths  substrscs  references  the  base/emitter  junction  to  the  sub¬ 
strate  while  the  collector /base  junction  is  referenced  to  the  surface.  In 
addition,  forming  the  transistor  base  region  near  the  epi  substrate  inter¬ 
face  may  introduce  yield  problems  due  to  the  defect  density  in  that  region. 

To  correct  this  deficiency,  the  base  deposition  was  increased  so  the  base 
concentration  could  exceed  that  of  the  substrate  doping.  Then  with  a  thin 
epi  layer,  the  base  diffusion  could  penetrate  into  the  substrate  and  form 
the  base/emitter  junction  inside  the  substrate  instead  of  within  the  epi 
layer.  This  again  references  the  junction  depths  to  the  chip  surface  and 
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5-8.  Effect  of  Epi  Thickness  on 
I^L  Operating  Range  with  a 
Standard  Baae  Doping  Profile. 
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avoids  tha  problem  of  api  thicknaaa  variation*  affacting  NPN  baaa  width.  In 
Pigura  5-9,  tha  curvaa  for  0.8  and  1.0  micron  api  thicknaaa  superimpose 
ahoving  significant  improvements  in  tha  uppar  oparating  limit*  and  api  thick- 
nass  immunity.  With  tha  baaa  diffuaion  capabla  of  penetrating  slightly  over  1 
micron  down  into  tha  chip  substrata,  tha  effect  of  a  thicker  api  would  b*  to 
form  tha  baaa/amittar  junction  at  tha  epi-subatrata  interface  whera  the  doping 
level  drop*  rapidly  from  substrata  to  api.  Forming  tha  baaa/amittar  junction 
in  this  transition  region  leads  to  tha  base  width  problems  mentioned  earlier 
plus  a  more  lightly  doped  junction.  The  remaining  curves  in  Figure  5-9  and 
tha  continuation  in  Figure  5-10  for  even  thicker  epitaxial  layers  show  how  the 
critical  parameter  is  the  api  thickness.  Howavar,  as  tha  api  thickness  reaches 
3  microns  (Figure  5-11),  tha  baaa/amittar  junction  is  formed  in  the  api  layer 
above  tha  substrata  and  the  affect  of  tha  substrate  and  api  thickness  is 
diminished. 

Other  affects  ware  alio  modeled  to  illustrate  their  impact  on  tha  limits 
to  high  temperature  operation.  Previously,  it  had  bean  assumed  that  tha  gain 
of  tha  NPN  transistor  had  little  affect  on  tha  oparating  limits.  To  test  this 
hypothesis,  tha  baaa  width  was  varied  from  0.2  to  0.45  micron.  The  raaulta 
shown  in  Figura  5-12  for  a  fan-in  of  one  indicate  that  as  tha  NPN  gain  changes 
by  a  factor  of  thraa,  the  roll-off  tamperatuva  ia  changed  by  about  10*  C.  This 
sansitivity  to  transistor  gain  is  caused  by  the  leakage  currant  amplification 
in  the  pravioua  gate  whera  the  NPN  Vba  is  pulled  down  to  Vsat .  An  increase  in 
gain  also  increases  the  transistor's  thormal  leakage  currant. 

Design  rule  allowances  may  also  affect  the  maximum  oparating  temperature 
for  I^L.  For  example,  tha  fan-out  of  a  gate  is  determined  by  its  design 
(number  of  collectors)  but  the  fan-in  may  consist  of  an  arbitrary  number  of 
collectors  Or-Tlad  together.  The  modeling  results  for  this  variation  shown  in 
Figure  5-13  indicate  that  as  more  collectors  are  tied  to  a  gat*  input  (NPN 
base),  their  leakage  currants  divert  mors  of  tha  gate's  injection  current. 

Thus  the  maximum  temperature  for  operation  is  reduced  until  the  thermally 
generated  leakage  currents  are  scaled  down  to  manageable  proportions. 

Realising  that  leakage  currents  into  previous  logic  stages  were  effecting 
the  desirable  high  temperature  properties,  an  attempt  was  made  to  compensate 
for  these  losses.  Figure  3-14  shows  the  effect  of  varying  the  PNP  injector 
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Figure  5-11.  Continuation  of  Figure  5-9  and  Figure  5-12.  Effect  of  NPN 

5-10  for  Thicker  Epi  Layers.  Variations  on 


•is*  (base  length)  for  a  gate  vlth  a  fan-in  of  10.  Tha  intention  waa  co 
incraaaa  tha  injaction  efficiency  to  supply  leakage  currents  to  all  tha 
collectore  tied  to  that  input.  However,  leakage  currenta  of  5  microamperes 
par  collector  at  230*  C  were  ainking  a  majority  of  the  total  current  (68 
microamperaa )  injected  into  the  NPN  gate. 

Finally,  from  the  modeling  reaulta,  the  proceeding  ehangea  were  apeci- 
fied  for  tha  fabrication  of  high  temperature  integrated  injection  logic  end 
theae  valuea  modeled  to  project  what  may  be  expected.  The  baae  aurface  depo- 
aition  ahould  be  increaaed  by  a  factor  of  four  from  the  normal  proeaaa  to 
provide  a  margin  for  production  tolerancaa.  A  0.2  ohm-cm  epi layer  ahould  be 
grown  on  a  0.01  ohm-cm  aubatrate  and,  aa  a  reault,  the  baso/emilter  junction 
ia  expected  to  be  formed  in  the  aubatrate  at  a  depth  of  1.46  microna  with  thin 
epi.  The  firat  three  curvea  in  Figure  3-13  reflect  the  tolerance  for  epi 
thickneaa  variationa  in  the  final  high  temperature  performance.  The  gain 
decreaaea  with  decreaaing  epi  thickneaa  aince  the  effective  active  area  of  the 
PUP  injector  ia  being  dacreaaed.  At  an  epi  thickneaa  of  1.6  microna  and 
larger  in  the  figure,  the  baae  diffuaion  atopa  at  the  epi-aubatrate  interface 
to  form  the  baae/emitter  junction  which  becomes  prograaeively  more  lightly 
doped  aa  the  epi  geta  thicker. 

The  lower  effective  gain,  in  general,  ia  due  to  the  more  heavily  doped 
intrinaic  baae  region,  Thia  ia  not  expected  to  be  a  problem  for  two  reaaona. 
Firat,  the  gate  being  modeled  waa  a  quad  gate  with  tvo  injectora  where  a  fan¬ 
out  of  four  waa  aaaumed.  Since  a  fan-out  of  two  ia  normally  ueed  for  high 
temperature  on  radiation-hardened  circuita,  thia  vould  eaaentially  double  the 
effective  gain.  Second,  the  modeling  waa  performed  with  a  fixed  NPN  baae 
width.  In  practice,  thia  thickneaa  ia  adjusted  during  fabrication  to  produce 
acceptable  gain  by  trimming  the  collector  diffuaion  time  and  thus  the  baae 
collector  junction  depth.  As  a  reault,  reasonable  gain  and  improved  high 
temperature  performance  can  be  expected  from  these  devices. 
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Figure  5-15.  Effect  of  Epl  Thickness  Variations 
on  High  Tsmparatura  Oparation  with 
Standard  Baaa  Doping  Increased  by  a 
Factor  of  Four. 


6.0  SUMMARY  AND  CONCLUSIONS 


The  failure  modes  for  high  temperature  electronics  may  be  divided  into 
those  effecting  the  semiconductor  materiel  itself  and  those  which  degrade  the 
metallisation  end  interconnections  to  the  external  world.  Life  tests  were  run 
to  evaluate  failure  modes  from  both  categories.  The  alleviation  of  the  most 
critical  modes  of  device  failure  was  the  prime  goal  of  this  program. 

This  program  phase  has  demonstrated  that  silicon  based  I?L  semiconductors 
can  survive  without  degradation  for  over  3000  hours  at  360*  C.  The  circuits 
used  in  this  test  employed  aluminum  metallisation  in  which  the  current  densi¬ 
ties  were  purposely  kept  low  to  avoid  electromigration  failures.  Thirty  l^L 
ring  oscillators  were  subjected  to  a  powered  test  at  340*  C  while  30  more  were 
placed  in  an  unpowerad  test  at  360*  C.  No  failures  were  found  after  3000 
hours  in  either  case.  From  these  results,  it  can  be  concluded  that  the  silicon 
semiconductor  material  has  the  intrinisic  capability  to  function  at  the  300*  C 
design  point. 

The  majority  of  this  program's  resources  wars  directed  toward  the  develop¬ 
ment  of  a  gold  based  metallisation  system  and  the  associated  diffusion  barrier. 
The  prime  candidate  to  fill  this  need  was  a  Ti-W/Au  metallisation.  The  prob¬ 
lems  that  were  addressed  involved  the  diffusion  barrier  integrity,  the  cohesion 
of  the  metal  system,  and  the  reduction  of  hillock  and  void  formation  at  ele¬ 
vated  temperatures. 

Substantial  improvements  have  been  made  in  the  titanium-tungsten  diffusion 
barrier  during  the  course  of  this  program.  At  the  beginning  of  this  phase, 
the  barrier  wee  demonstrated  to  be  stable  for  up  to  2000  hours  at  300*  C  with 
little  change  from  the  as-deposited  condition.  However,  a  need  for  higher 
temperature  accelerated  testing  resulted  in  complete  barrier  failures  after  100 
hours  at  350*  C.  A  solution  to  the  high  temperature  barrier  integrity  problem 
was  implemented  by  "stuffing"  the  titanium-tungsten  grain  boundaries  with 
nitrogen  during  the  deposition  process.  This  solution  resulted  in  diffusion 
barriers  which  have  survived  for  thousands  of  hours  at  360*  C  with  no  degrada¬ 
tion. 
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The  reactive  sputtering  (stuffing)  of  the  Ti-W  diffusion  barrier  in  nitro¬ 
gen  created  exceptional  diffusion  barriers  but  led  to  other  problems  due  to 
inadequate  adhesion.  The  absence  of  sufficient  adheaion  between  the  Ti-W 
layer  and  the  gold  layer  or  semiconductor  substrata  was  characterised  by  metal 
runs  lifting  or  breaking  at  oxide  steps  during  life  tests,  problems  in  bonding 
external  connections  to  the  chip  me tell is st ions  during  packaging,  and  by  the 
ability  to  remove  metallization  with  a  tape  peal  test.  The  deposition  of  an 
undopad  Ti-W  layer  on  both  aides  of  the  nitrogen  "stuffed"  layer  is  expected 
to  eliminate  these  symptoms. 

Gold  hillock  growth  was  found  to  be  driven  by  the  thermal  expansion  mis¬ 
match  between  the  gold  metallisation  layers  and  the  underlying  diffusion 
barrier  and  semiconductor  substrate.  The  geld  layer  was  placed  in  conpression 
at  elevated  temperatures  which  caused  the  hillock  growth.  Solutions  to  this 
problem  include  deposition  of  the  gold  at  elevated  temperatures  and  the 
application  of  a  passivation.  The  voiding  in  the  gold  layer  that  was  observed 
in  early  life  teats  was  found  to  be  caused  by  undercutting  during  tha  wet 
chemistry  etching  used  in  defining  the  metallisation  pattern.  This  voiding 
was  eliminated  through  the  use  of  lift-off  and  ion  milling  techniques  instead 
of  chemical  etching. 

Computer  modeling  investigations,  aimed  at  improving  the  high  temperature 
performance  of  integrated  injection  logic,  were  conducted  using  the  General 
Electric  Gate  Modal.  The  results  of  this  study  indicated  that  doping 
changes  for  the  epitaxial  layer  and  base  diffuaion  could  increase  tha  high 
temperature  operating  limits.  In  addition.,  the  affects  of  design  standards 
and  processing  variables  such  as  gate  fan-in  and  transistor  gain  (beta)  were 
studied.  A  series  of  guidelines  was  developed  for  future  designs  and  process¬ 
ing  to  improve  the  high  temperature  performance  of  l^L. 

This  program  has  demonstrated  that  high  temperature  electronics  for  oper¬ 
ation  up  to  300*  C  can  be  constructed  with  the  technology  which  is  presently 
available.  Substantial  lifetimes  can  be  obtained  as  demonstrated  by  the 
accelerated  life  tests  chat  were  performed.  The  acceleration  factors  are  not 
known  since  the  corresponding  activation  energies  have  not  been  determined. 
However,  if  the  activation  energies  were  to  fall  within  the  range  of  0.6  to 
1.0  eV,  then  the  lifetime  acceleration  of  the  360*  C  tests  over  operation  at 
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300*  C  would  be  between  3.2  and  6.8.  This,  combined  with  the  life  tasting 
results,  implies  that  tha  aluminum  matalliaad  circuits  could  hava  aurvivad 
for  ovar  2  years  of  continuous  operation  at  300*  C  without  failure. 

Tha  Ti-W/Au  metallisation  syatam  developed  during  this  program  is  being 
life-tasted  in  MSI  I2L  chip  packages  as  part  of  Naval  Research  Laboratory 
follow-on  program  Contract  No.  N00014-83-C-2393.  As  of  this  report  data 
(March  1984),  over  2000  hours  at  360*  C  have  been  achieved  and  10%  of  the 
circuit*  have  failed.  No  failures  have  bean  encountered  after  2000  hour*  at 
300*  C.  Testing  1*  continuing. 


Specific  conclusion*  from  this  program  era  listed  as  follows: 

a  l^L  integrated  ciicuita  with  A1  metallisation  can  operate  reliably 
at  360*  C  for  over  3000  hours  if  current  densities  are  low. 

e  Life  tests  of  MSX  microcircuits,  fabricated  using  Ti-W/Au  metallisa¬ 
tions  hava  demonstrated  lifetimes  exceeding  2000  hours  at  360*  C. 

e  A  nitrogen  doped  Ti-W  diffusion  barrier  has  been  shown  to  be  an 

effective  diffusion  barrier  between  gold  and  silicon  at  temperatures 
as  high  as  360*  C. 

*  Adhesion  of  Ti-W  to  gold  or  silicon  oxides  is  degraded  by  barrier 
"stuffing."  Good  adhesion  can  be  achieved  by  using  as  unstuffed 
Ti-W  layer  at  the  interfaces. 

e  Gold  hillock  formation  caused  by  thermally  induced  strain  can  limit 
the  life  of  gold  metallisations.  Passivation  of  the  films  with  sil¬ 
icon  nitride  can  retard  this  mechanism,  as  can  depoeition  of  the 
gold  at  elevated  temperatures. 
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APPENDIX  A 


IX.  EXPERIMENTAL  RESULTS  OF  HIGH  TEMPERATURE  I2L  TESTING* 


Extracted  from  report  R79EL9042  published  by  the  Genoral  Electric 
Electronice  Laboratory,  Syracuse,  N.Y.  and  printed  with  permission 


H.  EXPERIMENTAL  RESULTS  OF  HIGH  TEMPERATURE  I2L  TESTING 


The  Electronic*  Laboratory  has,  on -hand,  wafers  and  packaged  chips 
from  a  series  of  developmental  experiments  aimed  at  improving  the  radiation 
hardness  of  integrated  injection  logic  <laL>.  These  were  tested  (under  Indo- 
pendent  Research  and  Development  projects)  at  elevated  temperatures  to 
determine  the  operating  extremes  for  this  logic  family. 

The  chips  are  a  lesult  of  two  bipolar  processes .  The  older  standard 
linear  process  used  a  P  substrate,  N+  buried  island  and  10/i  of  N*  epitaxial 
silicon.  As  a  result,  the  NPN  emitters  tend  to  be  lightly  doped  and  an  in¬ 
jected  space  charge  in  the  emitter  region  slows  the  device  switching  time. 

A  simplified  linear  prooese  aimed  at  reducing  the  emitter  space  charge  used 
8  4  of  N”  epl  on  top  of  a  N+  substrate .  As  a  result,  IaL  gates  processed  by 
the  simplified  linear  process  switch  faster  than  standard  linear  process  gates . 
Through  high  temperature  testing,  it  was  found  that  the  simplified  linear 
process  gates,  ring  oscillators,  flip-flops,  and  code  generators  failed  at  a 
lower  temperature  than  the  gatee  and  ring  oscillator*  produced  by  the  standard 
linear  process .  Although  the  processes  are  well-behaved  established  produc¬ 
tion  techniques,  it  should  be  remembered  that  tha  hi^h  temperature  testa  were 
run  on  only  two  lots,  one  from  each  process.  As  a  result,  it  cannot  be  stated 
with  certainty  that  one  process  produces  better  high-temperature  l*L  than  the 
other ,  Measurements  on  chips  resulting  from  the  simplified  linear  proceed 
will  be  discussed  first,  followed  by  the  chip  measurements  on  the  standard 
linear  process . 

Figure  1  illustrates  some  of  the  initial  measurements  mads  at  the  wafer 
level  while  sorting  out  good  chips  for  packaging .  The  figure  shows  variations 
in  the  speed-power  product  from  wafer  to  wafer.  Notice  that  tha  minimum 
gate  propagation  delay  ranges  from  91  to  36  no.  These  measurements  were 
made  on  5  wafers  from  a  single  lot , 


Figure  2  shows  the  effect  temperature  has  on  the  speed  power  product 
for  I*L.  At  lower  injection  currents,  the  curves  approach  a  constant  speed 
power  asymptote .  This  will  '*  roughly  parallel  to  a  constant  epeed-current 
line,  since  the  dissipated  power  is  a  product  of  the  injection  current  and  the 
PNP  transistor  base  emitter  voltage .  The  effect  of  increasing  temperature 
on  I*L  is  to  reduce  the  transistor  base -emitter  voltage,  se  will  be  seen  from 
experimental  and  modeled  results ;  thus  the  power  dissipated  for  s  given 
injection  current  level  will  be  reduced  at  elevated  temperatures ,  An  in¬ 
teresting  phenomena  that  occurs  at  about  150  jiA  injection  current  (  in  Figure  2) 
is  a  constant  propagation  delay  over  the  entire  temperature  range  from  25°C 
to  250^0 .  This  has  potential  applications  on  critical  high  speed  logic ,  where 
timing  cannot  be  temperature  sensitive . 
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The  measurements  illustrated  in  Figure  2  wart  part  or  mad  ovar  injec- 
tion  lavali  ringing  from  9  uA  par  gita  to  1.4  mA  par  gita  in  t  ring  oaoillitor 
compoiad  of  dual  fanout  gataa .  It  can  ba  aaen  that  tha  ruga  of  injection 
curranta  ovar  which  oscillations  occur  decrease*  with  Increasing  tamper* 
ature.  For  tha  low  injaction  currant  and  of  tha  operating  range,  at  230°C, 
tha  gatas  will  not  oparata  balow  45  uA  par  gata .  This  is  a  result  of  tha 
affactiva  gata  gain  dropping  balow  unity  dua  to  collector  leakage  currant  from 
tha  previous  off -stags .  Tha  leakage  currant  sinks  such  a  large  fraction  of 
tha  Injaction  ourrent  that  tha  gata  cannot  turn  on, 

As  injection  currant  increases,  tha  propagation  delay  approaches  a 
minimum  value  due  to  tha  frequency  limitations  of  tha  transistor.  This  limit 
Is  related  to  the  diffusion  time  needed  to  transport  minority  carriers  across 
the  base  region.  As  temperature  increases,  tha  minority  carrier  mobilities 
deorease,  increasing  the  base  transit  time .  Another  factor  is  tha  increased 
resistivity  of  the  silicon,  which,  together  with  higher  ourrent  densities,  leads 
to  problems  such  as  emitter  erowdlng  and  reduced  gain.  This,  in  turn,  places 
a  limit  on  the  maximum  injection  current  at  which  operation  is  possible . 

Figure  S  represents  typical  data  on  the  maximum  frequency  of  operation 
for  a  D -flip -flop  as  a  function  of  total  injection  current.  The  curves  are 
similar  to  those  presented  in  Figure  2  since  similar  effects  are  being  repre¬ 
sented.  The  total  injection  ourrent  is  essentially  shared  equally  by  all  the 
gates, while  the  maximum  operating  frequency  is  related  to  die  reciprocal  of 
the  gate  propagation  delays .  The  relation  between  gate  propagation  times 
and  maximum  clocking  speed  occurs  because  a  series  of  gates  must  change 
state  during  each  clock  cycle  to  enahls  tbe'fllp-Uop  to  toggle .  Although  the 
span  of  the  input  ourrent  measurement  does  not  reaoh  two  full  deoades,  the 
range  of  operation  for  the  flip-flop  at  2B(rc  is  dearly  limited  in  the  same 
fashion  as  the  ring  oscillators  in  Figure  2.  Again  the  maximum  temperature 
of  operation  is  in  the  250PC  range . 

The  operation  of  a  larger  array  of  gates  than  a  flip-flop  oan  be  observed 
using  the  16-bit  pseudorandom  code  generator .  The  code  generators  were 
constructed  from  49  dual  I*L  gates .  The  measured  results  are  summarised 
by  Figures  4,  5  and  6 .  Figure  4  shows  the  wafer -to -wafer  variations  observed 
at  the  maximum  frequency  of  operation  at  2B°C .  Figure  5  again  illustrates  the 
effect  of  temperature  on  the  maximum  operating  points.  Figure  5  shows  an 
increase  in  the  minimum  injection  current  operating  points  as  temperature 
increases,  similar  to  that  observed  in  Figure  2  for  ring  oscillators.  The 
operating  region  for  the  code  generators  is  essentially  all  the  space  above 
the  curves  in  Figures  4  and  5.  Intuitively,  this  seems  reasonable  for  any 
static  logic  family;  i.e.  that  it  will  operate  at  any  clock  speed  lower  than  some 
maximum.  However,  at  temperatures  near  the  maximum  for  correct  opera¬ 
tion,  the  code  generator  operating  region  also  becomes  bounded  at  the  lower 
frequencies .  Figure  6  shows  the  measurements  made  on  one  code  generator 
at  260®C .  The  range  of  injection  currents  is  limited  from  about  66  nA  per 
gate  to  260  uA  per  gate, which  was  a  phenomena  observed  with  the  ring  oecil* 
lators  and  tha  D  flip  flops .  However,  the  bound  on  the  lower  limits  of 
operating  frequency  is  an  anomaly  only  observed  near  the  top  of  the  temper¬ 
ature  range . 
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Leakage  currents  in  the  reverse -biased  junctions  are  a  primary  reason 
lor  the  high -temperature  limitations  of  l^L  logic.  In  an  attempt  to  determine 
the  magnitude  ol  the  problem,  the  collector  leakage  current  (ICBO*  was  meas¬ 
ured  (or  a  quad  A1  cell  as  a  (unction  o(  temperature  (or  the  standard  and 
simplified  linear  processes.  The  leakage  currents  measured  with  a  reverse 
bias  o(  3.0  volts  are  presented  in  Figures  7  and  8.  The  two  leakage  currents 
track,  within  device  variations  over  the  entire  temperature  range,  as  well  they 
should,  since  the  P  and  N+  d illusions  are  similar  (or  the  two  processes.  An 
Important  point  to  note  is  that  Figures  7  and  8  do  not  represent  the  collector 
leakage  experienced  by  I*L  logic  gates  under  operating  conditions.  The  col¬ 
lector  leakage  current  (l  will  (all  within  a  range  IcBO  <  0+1>IcbO» 

depending  on  the  impedance  to  ground  seen  looking  out  o(  the  base  terminal. 

In  support  o(  this,  the  collector  leakage  currents  (or  operating  gates  have 
been  experimentally  measured  in  the  range  o(  20  to  30  uA.  As  will  be  seen 
later,  when  the  leakage  current  reaches  a  magnitude  comparable  to  the  PNP 
Injection  current,  logic  signals  will  no  longer  propagate  down  a  gate  chain. 

Above  1300C,  the  leakage  current  IcbO  increases  an  order  o(  magnitude 
every  50°C  (see  Figures  7  and  8).  In  light  o(  this,  the  results  presented  In 
Figure  9  seem  more  Impressive  since  the  standard  linear  process  ring  oscil¬ 
lators  operate  at  300°C  over  a  current  range  comparable  to  the  simplided 
linear  process  oscillators  at  2 50°C ,  Measurements  were  also  taken  at  -55°C 
to  reconlirm  that  the  device  would  operate  at  the  bottom  end  o(  a  military 
temperature  spec  ideation.  An  interesting  point  o(  Figure  9  similar  to  one  in 
Figure  2,1s  that  at  40  >iA  Injection  per  gate,  the  propagation  delay  essentially 
remains  constant  over  the  entire  temperature  range . 

The  edectlve  gain  (or  an  I*L  gate  is  deiined  as  the  maximum  current 
that  a  collector  may  sink  divided  by  the  current  that  will  be  withdrawn  (rom 
the  base  contact  by  a  saturated  transistor  collector  In  the  previous  logic  stage . 
Obviously,  1(  the  previous  stage  collector  cannot  sink  all  the  injection  current, 
or  i(  the  previous  stage  collector  leakage  sinks  to  much  NPN  base  injection 
current,  the  eltective  gain  will  be  less  than  1  and  logic  signal  propagation  will 
stop. 


Thus,  the  measured  effective  gain,  as  shown  in  Figure  10,  will  also 
provide  an  Indication  of  the  operational  limits  of  an  I*L  gate.  As  a  result,  the 
information  provided  by  effective  gain  measurements  complements  those, 
obtained  from  ring  oscillator  studies.  The  oscillator  only  operates  if  the 
gain  is  greater  than  unity.  Thus,  they  are  useful  when  the  absolute  limits  to 
operation  are  to  be  determined.  However,  gain  measurements  also  indicate 
the  available  operating  margin .  Figure  10  shows  how  the  effective  gain  varies 
with  temperature  for  various  Injection  currents.  When  the  gain  drops  below  1, 
a  logic  system  will  not  operate .  This  provides  a  quick  check  between  effective 
gain  and  ring  oscillator  predictions.  For  example,  in  Figure  10,  the  effective 
gain  for  10  uA  Injection  current  per  gate  drops  below  1  at  a  temperature  between 
290^0  and  3OO0C.  Referring  back  to  Figure  9,  the  lower  limit  for  a  ring  oscil¬ 
lator  operation  at  300°C  is  about  40  uA  Injection  current  per  gate.  In  this  way, 
a  comparison  may  be  made  between  the  results  of  the  two  measurements.  In 
the  previous  example,  a  Quad-A2  gate  cell  was  compared  to  results  obtained 
from  a  dual  fanout  D2  ring  oscillator.  Considering  these  differences,  the 
agreement  is  acceptable. 
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Other  muiurc menta  that  can  predict  operating  limits  a-e  the  NPN  base 
emitter  voltage  and  the  collector  emitter  saturation  voltage .  These  parameters 
also  yield  a  measure  ol  the  voltage  noise  margins .  Figure  H  plots  the  mess* 
ured  base -eattter  forward  biased  voltage  drop  for  a  Quad-A2  cell  as  a  function 
of  temperature .  Figure  12  presents  the  NPN  collector  saturation  voltages  for 
a  Quad-A2  gate,  also  as  a  function  of  temperature .  During  operation,  the  PNP 
injection  forward  biases  th'e  NPN  base  emitter  Junction  and,  with  the  collector 
conducting,  a  low, <xero> logic  *evel,  is  outputted  to  the  following  stage.  The 
collector  sinks  injection  current  intended  for  the  following  stage,  bringing  its 
Vm  down  to  the  Vg»<j  level  of  the  collector .  This  essentially  turns  off  the 
following  stage  producing  a  high  (one)  logic  level.  V$AT  must  be  less  than 
Vi*;  ^j-is  equal  or  greater  than  Vb*  there  is  no  way  to  turn  off  any 
logic  stage . 

The  effect  of  voltage  swing  margin  may  be  observed  from  the  data  pre¬ 
sented  In  Figures  11  and  12.  As  shown  in  Figure  11,  the  VgE  for  1  *iA  in¬ 
jection  current  is  about  75  mV  at  about  245°C  and  steadily  decreases  with 
rising  temperatures.  Figure  12  showa  that  the  VgxT  for  1  »A  injection  drops 
to  75  mV  at  1  uA  injection  st  about  this  same  temperature.  This  implies  that 
the  voltage  notes  margin  is  xero  and  the  device  ia  about  to  fail.  Figure  10 
confirms  this  observation  indicating  that  the  effective  gain  drops  below  1  at 
about  260PC .  The  voltage  nolee  margin  may  be  obtained  for  the  complete 
operating  region  from  the  difference  between  the  voltages  presented  In  Fig¬ 
ures  11  and  12 .  This  provides  a  third  Indication  of  the  operating  bounds  for 
an  1«L  gate . 

A  further  consideration  to  the  high  temperature  operation  of  12L  logic 
la  interfacing  it  to  the  outside  world.  Inputting  signals  to  an  12L  chip  It 
straightforward  sines  an  input  is  lift  to  float  or  Is  shortsd  to  ground.  Outputs 
from  I*L  gates  come  from  the  NPK  open  collector.  If  these  are  to  be  used  to 
drive  loads  off  ehlp,  thsn  both  ths  current  leakage  and  voltage  breakdown  are 
Important  parameters .  To  indicate  whether  collector  breakdown  Is  a  critical 
factor,  Vceo  was  measured  for  temples  fabricated  from  both  the  standard 
and  simplified  linear  process .  VCEq  is  not  as  appropriate  as  Vcbq  for  l*L 
gate  operation  since,  in  the  off  state,  ths  NPN  bass  is  tied  to  ground  through 
a  lou  -impedance  saturated  collector .  V^eq  provide  a  lower  limit  of  the 
breakdown  voltaga  lines  leakage  current  will  be  amplified  by  the  gain  of  the 
transistor.  Figure  13  plots  the  measured  VggO  for  the  two  fabrication  pro- 
c tasts .  As  can  be  seen  from  the  plot,  the  breakdown  voltage  only  changes 
about  10%  from  room  temperature  to  300®C .  As  s  result,  the  NPN  collector 
breakdown  voltage  variation!,  with  temperature,  are  not  considered  a  dominant 
factor  in  high-temperature  I2L  designs . 


In  summary,  through  measurements  on  I2L  devices  conducted  at  the 
electronics  Laboratory,  it  has  been  found  that  collector  leakage  current  is 
an  Important  factor  in  the  high  temperature  failure  of  I*L  digital  logic .  The 
operational  bounds  may  be  determined  by  various  methods,  the  easiest  of 
which  is  simply  an  observation  of  ring  oscillator  operation.  However,  ring 
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Figure  11.  Measured  NPN  Base  Emitter  Voltage  versus  Temperature  (or 
Quad -A 2  Cell 
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Figure  13.  NPN  Collector  Breakdown  Voltage  (Vpnn*  for  the  Standard  and 
Simplified  Linear  Proceaa 
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oscillator  studies do  not  provide  a  complete  dticription  of  the  operating 
Unit*;  thoy  only  provide  an  indication  of  effective  gains  greater  than  unity, 
effective  gain  measurement*  indicate  gain  margins,  and  Vag  and  VgAT  meas¬ 
urements  provide  voltage  noise  margins,  both  of  which  can  m  used  to  deter¬ 
mine  operating  limits .  The  studies  of  ring  oscillators  and  larger  arrays  of 
gates,  suoh  as  cod*  generators  and  flip-flops,  provide  an  important  additional 
bit  of  information;  i.e,  similar  gates  have  similar  range*  of  operation  inde¬ 
pendent  of  the  sls*  of  the  logic  array.  This  Implies  that,  at  high  temperatures, 
I*L  logic  array  operation  does  hot  cumulatively  degrade  as  a  function  of  the 
number  of  gates  used  in  the  logic .  As  a  result,  large  gat*  arrays  can  be  de¬ 
signed with  confidence  that  they  will  operate  under  essentially  the  same  condi¬ 
tions  as  a  ring  oscillator . 


